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This work established quantitative relationships between the surface composition 
of oxidized multi-walled carbon nanotubes (O-MWCNTs) and their adsorption and 
transport properties under varying aquatic chemical conditions. 





were found consistent with expectations based on prior study, 
and were similar to aggregated and dispersed O-MWCNTs. New studies revealed, 
however, a significant effect of O-MWCNT solid-to-liquid ratio on measured adsorption 
isotherms. Although causes of such effects remain poorly understood, these results have 
important environmental implications. 
Transport of various O-MWCNTs through silica glass bead media was studied in 
columns under conditions of steady flow and pulse inputs. These studies revealed that O-
MWCNT transport was affected by aquatic and surface chemistry in ways generally 
consistent with theories of electrostatic interactions between surfaces. Dissolved Ca
2+
 
destabilized O-MWCNTs more than Na
+
 and diminished the impact of O-MWCNT 
surface chemistry on transport. NOM at low concentrations (<4 mg-C/L) significantly 
stabilized O-MWCNTs under most conditions, including high ionic strength (IS) (10 mM 
Ca
2+ 
or 100 mM Na
+
). 
For experiments when clean-bed filtration (CBF) dominated removal (i.e., pulse-
input injections), the mathematical relationship between kd and approach velocity 
followed expectations of interception theory and suggested that CNT length is the 
relevant length scale for prediction of collisions. For step-input conditions and 
considering both breakthrough curves and in-situ concentrations of O-MWCNTs, models 
 iii 
based on CBF and incorporating additional mechanisms of straining, site-blocking, and 
multilayer deposition (ripening) were developed. Model sensitivity studies revealed that 
at IS < 40 mM, site-blocking and straining were more important to model than other 
mechanisms. At higher IS (≥ 60 mM), CBF and ripening were the only important 
mechanisms to consider. At IS = 40 mM, site-blocking, straining and ripening were all 
important to consider. Thus, IS is a key variable controlling which mechanisms must be 
considered when modeling O-MWCNT interactions with silica-based porous media. 
Overall, findings from this study have furthered the understanding of O-
MWCNTs in terms of their transport and adsorption properties. The results and 
associated model development can improve interpretation and simulation of O-MWCNTs 
behavior in aquatic systems. 
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 1 
Chapter 1. Introduction 
1.1 Properties and Applications of Carbon Nanotubes 
Carbon nanotubes (CNTs) are “needle-like hollow tubes” made of cylindrical 
sheets of graphene.
1
 CNTs include both single-walled carbon nanotubes (SWCNTs), 
which contain only one graphitic layer, and multi-walled carbon nanotubes (MWCNTs), 
which contain two or more (often between 7-10) concentric layers of graphitic sheets 
with an interlayer distance of ~3.4 Ǻ.
1, 2
 CNTs range from 2 to 30 nm in diameter and up 
to 1 μm or more in length, as based on direct observation with TEM.
1-5
 Since their 
discovery, CNTs have been well known for their unique seamless cylindrical structure 
with nano-scale diameters and graphene rolls with three possible primary rolling 
patterns.
1-3
 The unique structure leads to remarkable properties such as large surface area 
to volume ratios, high aspect ratios, low densities, high mechanical and tensile strengths, 
high electric and thermal conductivity, strong non-linear optical property, high hydrogen 
storage potentials, high adsorbency and antimicrobial property compared to other 
materials.
3, 4, 6-9
 For instance, the values of Young’s modulus for CNTs are exceptionally 
high,
10




The novel physicochemical properties of CNTs, as given by their unique structure 
and overall chemical composition, have led to various commercial applications of CNTs 
and their derivatives in a variety of fields. For instance, CNTs are used as proximal probe 
tips of scanning tunneling microscope (STM) due to their small size, high electrical 
conductivity and high modulus.
11
 They can also be used as nanotweezers to handle 
 2 
nanoclusters by moving them as well as probing their electronic structure.
12
 CNTs not 
only exhibit high electrical conductivity, but their electrical conductivity can also be 
changed significantly by exposure to certain gases such as NO2 or NH3,
13
 making them an 
excellent choice for chemical sensors. Moreover, CNTs have been added into composite 
materials such as polymer matrices to either enhance the strength and modulus of the 
composite materials
14
 or to serve as antimicrobial agents.
15, 16
 The high strength and 
resilience of the resulting composite materials that contain CNTs have been used in fields 
of plastic manufacture and automobile manufacture. Other composite materials, such as 
membranes and polymers, have been used in water purification systems due to their 
antimicrobial property. CNTs are also viable as candidates for the storage of H2, as 
relevant to the promotion of H2 as a new fuel source.
17-19
 A high degree of H2 storage in 
CNTs has been reported in experimental literature,
17-19
 although theoretical explanations 
for such phenomena are still incomplete. 
17-19
  
1.2 Production of CNTs 
Because of their wide range of current and potential future applications, 
production of CNTs has increased exponentially in recent years.
17
 According to a report 
from Innovation Research and Products Inc. (iRAP), the production capacity for 
nanocarbon products, including SWCNTs, MWCNTs, fullerenes, graphene, carbon 
nanofibers and nanodiamonds, has increased from 996 tons in 2008 to 4065 tons in 
2010.
17
 This number is expected to exceed 12,300 tons in 2015 with a production value 
of roughly $1.3 billion.
17
 The production of SWCNTs and MWCNTs has been predicted 
to increase at a compound annual growth rate of 32.5% starting in 2010 and reaching 
14,110 tons by 2016.
20
 MWCNTs, with an annual production about two times higher than 
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SWCNTs, are expected to dominate the product market for at the least next two years 
because of their lower production cost and availability in large quantities.
21
  
1.3 Possible Risks to the Environment from CNT Production and Use 
The rapid growth in CNT production is undoubtedly accompanied by elevated 
potential risks for the natural environment, including surface and ground water systems. 
Although pathways for release of CNTs are still under investigation,
22-24
 and accurate 
detection and quantification in actual matrices is still not possible, it is reasonable to 
assume that during the processes of production, application and disposal, CNTs can 
access aqueous environments through municipal and industrial wastewater, solid waste 
leachate, precipitation from the atmosphere following air pollution events, or from direct 
input via spills or misuse.
25
 Aqueous contamination may also occur as the result of long-
term degradation of the commercial materials into which CNTs are embedded.
22-24
 As a 
new material, the potential hazards of CNTs to humans, other organisms and the 
ecosystem are not yet fully understood, but biomagnifications through aquatic 
ecosystems is a concern, including the possibility of toxic accumulations. In fact, some 
potentially harmful human health effects of MWCNTs have already been reported by 
some investigators.
26, 27
 For instance, Sayes et al.
26
 reported that suspended SWCNTs 
selectively deposited on the membranes of human dermal fibroblasts (HDF). Another 
research group, Patlolla et al.,
28
 reported that MWCNTs induced the viability loss of 
HDF through DNA damage.  
Given these concerns, and the importance of transport as a potential exposure 
pathway, CNT behavior in aquatic systems is important to understand. The so-called 
pristine CNTs (i.e., CNTs whose surface have not been modified after initial production) 
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are mostly hydrophobic and unstable in water systems, limiting their ability to travel long 
distances in natural environments.
9, 29
 On the other hand, however, CNT surfaces are 
often subjected to oxidation through intentional functionalization processes.
9, 29
 The 
existence of hydrophilic groups such as oxides on CNT surfaces have been shown to 
dramatically influence their environmentally relevant properties, especially stability in 
aqueous systems.
29, 30
 In addition to chemical incorporated oxygen functional groups, 
adsorbed natural organic matter (NOM) has also been reported to significantly stabilize 
CNTs in aqueous system.
31-35
 Such modifications can thus significantly increase the risk 
of CNTs. 
In addition, CNTs’ large specific surface area, which, together with surface oxides, 
enhances their ability to strongly interact with other chemicals in their vicinity, creating 
the possibility for their presence to substantially change the distribution, availability and 
transport properties of other contaminants such as heavy metals and organic 
compounds.
26, 36
 Previously established risk estimation of these other types of 
contaminants may therefore need to be re-evaluated and possibly altered for situations 
when CNTs are present.  
Overall, the unknown effects of CNTs on the environment and on other 
contaminants are concerns that need to be addressed through proper research. 
1.4 Motivation for This Research 
1.4.1 The Need to Study the Fate and Transport of CNTs 
CNT fate and transport studies are necessary for the estimation of their potential 
risks to environmental and human receptors. These studies are essential for the 
establishment of a comprehensive understanding of overall risk, as needed to establish an 
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appropriate regulatory system. In this regard, it is important to recognize the fate of CNTs 
is heavily dependent on their aggregation, deposition, and transport properties, all of 




As mentioned above, CNT surfaces are often oxidized in the process of 
production to increase their stability in polar solvents
37-42
 or to improve their 
bioavailability as drug delivery carriers.
43
 Surface oxides can also be introduced onto the 
surface of CNTs inadvertently as a result of purification processes used in industry or due 
to incidental exposure to oxidizing agents such as UV radiation and/or ozone.
26, 29
 The 
degree of surface functionalization as well as the nature and different distribution of 
functional groups grafted onto the surface of CNTs varies significantly with the type and 
intensity of the oxidation processes, and these properties will in turn alter the aggregation 
and transport properties of CNTs.
26, 29
  
In the aqueous environment, MWCNTs with surface oxides such as hydroxyl and 
carboxylic acid groups on their surface will be negatively charged under typical 
environmental conditions, e.g. pH 6-8, which will affect their interactions with other 
MWCNTs, particles in suspension or collector surfaces that they encounter. It is well 
known that electrostatic repulsive forces between like-charged particles will be affected 
by changes in pH and ionic strength (IS).
29, 44
 Changing these factors will either increase 
(with increasing pH) or screen (with increasing IS) the negative charges on the CNT 
surface and therefore change the nature and compressed thickness of the diffuse layer of 
ions surrounding each particle. Early attempts to quantitatively describe such phenomena 




 and have been further 
 6 
developed by others over time.
48
 The basic theory describing the balance of electrostatic 
interactions and shorter-range chemical forces is now generally referenced as DLVO 
theory, although more complex models have also been developed to supplement this 
theory with regard to more complex and short-range interactions.
49
 The situation can be 
especially complex in the presence of surfactant molecules or other polymeric or 
macromolecular adsorbents such as NOM, which can attach to the particles or collectors 
causing particles to experience additional steric and electrostatic interactions with each 
other and other surfaces. Thus, the aggregation, deposition, and transport behavior of 
colloidal particles will be significantly changed by the presence of such materials. 
50, 51
 
In the past, colloidal aggregation and transport have been studied extensively 
through both experimental and modeling approaches.
52-55
 However, because the 
properties of CNTs are in many ways unique relative to other colloids, new studies are 
needed to better understand their environmental fate in water.  
1.4.2 The Need to Study the Interactions of CNTs with Other Contaminants 
To fully investigate the potential risk of CNTs, we have to better understand not 
only their environmental fate, but also their potential associations with other pre-existing 
chemicals and the mutual impacts of such associations on the movements of both CNTs 
and other chemicals. When considering their interactions with other contaminants, 
sorption properties are important to understand, including the influences of both CNT 
surface chemistry and the surrounding aquatic chemistry.
56, 57
 CNTs are now well known 
to be good adsorbents for hydrophobic organic chemicals (HOCs) as well as heavy metal 
contaminants.
57-61
 With the rapidly growing production of CNTs, there is an increased 
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likelihood of CNTs to adsorb those contaminants and therefore alter their distributions 
and movement.  
1.5 Recent Studies of the Aggregation, Transport and Adsorption 
Properties of CNTs 
1.5.1 Homo-Aggregation of CNTs 
Homo-aggregation of CNTs has been studied intensively in the past several 
years.
34, 35, 62-64
 Such studies have revealed a major impact of pH and IS on the 
aggregation properties of CNTs in a manner that is qualitatively consistent with DLVO 
theory.
29
 Calcium and NOM have also been shown to play an important role in affecting 
the aggregation behavior of CNTs via specific ion interactions and the steric effect, 
respectively.
34, 64
 The effect of surface chemistry on the homo-aggregation of oxidized-
MWCNTs (O-MWCNTs) has also been studied.
29, 35
 For example, Smith et al.
29
 studied 
the effect of NaCl concentration, pH value and surface chemistry on the aggregation 
kinetics of O-MWCNTs using time resolved dynamic light scattering (TR-DLS). The 
authors reported accelerated aggregation of MWCNTs with increasing NaCl 
concentration or decreasing pH, while O-MWCNTs at higher surface oxygen 
concentration showed higher stability at identical aquatic conditions. Hyung et al.
31
 
reported that for any given mass of added MWCNT powder, the concentration of well-
dispersed MWCNTs in solution increased systematically with concentration of Suwannee 
River natural organic matter (SRNOM). Smith et al.
35
 discovered that NOM at 
concentrations as low as 0.5 dissolved organic carbon/L (DOC/L) was able to enhance 








1.5.2 Hetero-Aggregation of CNTs 
In environments where multiple colloidal particles exist, hetero-aggregation may 
take place.
65
 Because of the ubiquitous presence of naturally occurring colloidal particles, 
the hetero-aggregation process plays a more important role in determining the fate and 
transport of CNTs than homo-aggregation in natural environments.
66
 However, fewer 
studies regarding hetero-aggregation were conducted compared to those for homo-
aggregation. Huynh et al.
65
 investigated the hetero-aggregation of MWCNTs (negatively 
charged) with hematite nanoparticles (HemNPs, positively charged) with varied 
CNT/HemNP mass concentration ratios (CNT/HemNP) using TR-DLS. They reported 
that the rate of hetero-aggregation first increased with increasing CNT/HemNP untill the 
ratio reached 0.0316, where the hetero-aggregation rate was 3.3 times of the HemNP 
homo-aggregation rate.
65
 The further increase in the CNT/HemNP, on the other hand, 
caused a dramatic drop in the hetero-aggregation rate, possibly due to a blocking 
mechanism.
65
 The authors also reported that the maximum hetero-aggregation rate 
decreased with increasing concentration of humic acid.
65
 Lin et al.
67
 investigated the 
hetero-aggregation of amidine and sulfate latex particles and silica particles over a range 
of varied IS and pH. Results indicated that the hetero-aggregation of opposite charged 
colloidal particles increased slowly with decreasing IS, and the pH value of the system 




1.5.3 Deposition and Transport of CNTs 
Compared to homo-aggregation, deposition and transport of CNTs, like hetero-
aggregation, has been less thoroughly studied. In this context, deposition refers to the 
process of colloidal attachment onto surfaces of a large material. Transport, on the other 
hand, refers to a more general and complex set of processes that affect the movement of 
colloidal particles in the solid environment. In this specific study, my focus is on O-
MWCNT transport through porous media.  
For the direct study of colloidal particle deposition, Quartz Crystal Microbalance 
with Dissipation Monitoring (QCM-D) has been widely applied. In experiments using 
QCM-D, colloidal particles are deposited onto the surface of a piece of quartz crystal. 
This approach isolates deposition of colloidal particles from other interactions and 
therefore provides a more controllable system so that the mechanism may be tractable. 
The oversimplified condition, however, also leads to relatively less practical results 
compared to alternative approaches. Yi et al.
68
 studied the deposition of O-MWCNTs 
with two different surface oxygen concentrations onto quartz crystals using QCM-D and 
reported that O-MWCNTs with higher surface oxygen concentrations exhibited a lower 
deposition rate onto quartz in the presence of only Na
+
. In the presence of Ca
2+
, however, 
MWCNTs with both high and low surface oxygen concentrations showed similar 
deposition rates that were significantly higher than those observed in the presence of Na
+
.  
For studies of CNT transport, packed columns are commonly used. This approach 
better simulates many aspects of the actual subsurface aquifer and is therefore able to 
provide information that is more directly relevant to real-world conditions than QCM-D. 
Nevertheless, no direct and continuous measurement can be obtained in experiments 
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conducted using packed columns. Results obtained with this approach also have lower 
accuracy due to the complexity of the media and the influence of relatively less well 
controlled hydrodynamic processes compared to QCM-D. Prior investigations of CNT 
transport through porous media have been conducted mostly with natural soil or quartz 
sand systems, and none have quantified attachment efficiency as a function of both 
surface and solution chemistry.
63, 69-73
 Wang et al.
63
 passed NOM-stabilized MWCNT 
and SWCNT dispersions through sand packed columns at varied KCl and CaCl2 
concentrations and observed that substantial mass fractions of CNTs passed through the 
column at KCl concentrations up to 1 mM and CaCl2 up to 0.1 mM. Jaisi et al.
69, 70
 
studied the transport of O-SWCNTs through quartz sand as a function of IS and found 
that O-SWCNT transport followed predictions of conventional deposition theory under 
most conditions for quartz sand
70
, while straining was the primary means of O-SWCNT 
deposition on soils under all conditions.
69
 The authors also reported that NOM presence 





 Wang et al. 
71
 studied functionalized MWCNT tube-length effects on transport 
through quartz sand and reported that straining played an important role. These 
investigators observed spatial retention profiles that deviated substantially from 
expectations based on simple first-order removal, and therefore attachment efficiencies 
could not be estimated. O’Carroll et al.
72
 investigated and modeled the impact of 
MWCNT tube diameter on transport through quartz sands. They reported that all tested 
MWCNTs were readily mobile under typical conditions of subsurface aquifers, but 
MWCNTs with smaller diameters were less mobile than their larger counterparts. Liu et 
al.
73
 studied the effect of flow velocity on the transport of O-MWCNTs through columns 
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packed with soda-lime glass beads or quartz sands reporting that approach velocity had a 
significant effect on O-MWCNT retention. Significant increase of O-MWCNT 
breakthrough (20% - 30%) was observed when the approach velocity was increased from 
0.42 m/d to 4 m/d.
73
  
1.5.4 Adsorption Properties of CNTs 
The adsorption of heavy metals as well as organic compounds onto CNTs has 
been studied intensively in last decades.
33, 34, 56, 60, 74-78
 Studies on this issue have been 
conducted for two primary reasons. The first of these is to evaluate if CNTs could serve 
as strong adsorbents to remove organics and heavy metals from water and wastewater as 
might be applicable, for example, to be incorporated in fixed bed, membranes, or other 
unit processes of treatment facilities.
79, 80
 For example, Peng et al.
61
 and Lu et al.
57
 
reported CNTs had the ability to effectively achieve the complete removal of 1,2-
dichlorobenzene and trihalomethanes from water at low application doses. Lu and Chiu 
44
 
showed that the specific adsorption capacity of NaClO-treated CNTs for Zn
2+
 was higher 
than that of powdered activated carbon. Cho et al.
60
 reported that the adsorption capacity 
of MWCNTs (used as received) was higher than that of natural char and lower than 
activated carbon. A second reason to study adsorption ability of CNTs for trace organics 
and metals is to understand the implications of CNT presence on the fate, transport, and 
risk associated with these other contaminants.
56
 The focus of this study is the adsorption 
of heavy metals onto O-MWCNTs because of the ubiquitous presence and non-
degradable property of trace metals.
44, 81
 
Prior studies have also reported research of O-MWCNTs as adsorbents for metals, 




 reported that IS, pH, and the co-presence of multiple metals all had strong effects 






 Likewise, Cho et al.
56
 as well 
as Li et al.
82
 showed that the surface oxidation degree of CNTs had significant effects on 
their capacity to adsorb metallic contaminants, with increasing surface oxidation degree 
leading to increasing adsorption capacity. In particular, carboxyl groups have been shown 
to have a particularly strong adsorption ability for divalent metallic cations. Although 
there have been numerous studies regarding CNT adsorption of heavy metals, most 
studies have been conducted at CNT mass concentrations ranging from ~0.1 g/L to ~ 10 
g/L.
83
 Considering that concentrations of CNTs in natural systems are not expected to be 
greater than parts per million level (1 mg/L) or lower, there is need for more studies using 
CNTs at environmentally relevant concentrations. 
1.6 Research Questions 
Given the assumption that CNTs will access aquatic environments, there is need 
to better understand their potential impacts in these environments. In order to estimate the 
environmental impacts that CNTs may have in water systems, it is important to 
understand their fate and transport as well as their interactions with other contaminants, 
which is the primary research question addressed in this work. More specifically, the 
research questions in this work include: 
 What are the adsorption properties of O-MWCNTs for Ni2+ and Zn2+ and 
effects of experimental conditions, including aquatic chemistry, surface chemistry, and 
adsorbent concentration (solid-to-liquid ratio)? 
 What are the transport properties of O-MWCNTs through simulated 
porous media (soda-lime spherical glass beads) and what are the effects of changes in 
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experimental conditions, including effects due to changes of pH, ionic strength, cation 
species, and O-MWCNT surface oxygen concentration and functional group distribution? 
 What are the removal mechanisms of O-MWCNTs passing through 
porous media and the contributions of each mechanism under varied experimental 
conditions? 
1.7 Objectives and Outline 
The overall objectives of this work were to establish quantitative relationships 
between the surface composition of MWCNTs and their sorption and transport properties 
under varying aquatic chemical conditions. Both theoretical and experimental approaches 
were used in order to better estimate these properties. Mathematical models and 
computations were applied to test whether the hypothesized conceptual understanding 
was useful for interpreting and predicting experimental observations. Specific objectives 
are listed below by chapter. 





). The effects of surface chemistry and aquatic chemistry 
on MWCNT adsorption properties were studied using both experimental approaches and 
mathematical modeling. Adsorption experiments were also conducted at varied solid-to-
liquid ratios (S/L), including those usually used in prior research and in water treatment 
facilities and those relevant to possible MWCNT concentrations in natural water systems. 
The studies revealed a surprising effect of S/L on the adsorption property of MWCNTs, 
and a possible explanation was proposed. 
Chapter 3 contains methods and results relating to studies of the impacts of both 
surface and solution chemistry on MWCNT deposition during transport through silica-
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based media. In order to accurately measure deposition rates in the absence of blocking 
or straining (i.e., to maintain “clean-bed” conditions), a well-defined system of uniform 
spherical collectors was applied. Studies were conducted on O-MWCNTs with five 
different oxygen contents in varied solution chemistries.  Solution chemistry variables 






Chapter 4 contains methods and results relating to the investigation of the 
transport mechanisms of MWCNTs on silica based porous media as conducted through 
the analysis of both temporal breakthrough curves and retention profiles obtained after 
completion of transport experiments. Mathematical models that combine a standard 
formation of clean bed filtration model with additional models were composed to account 
for other removal mechanisms such as site-blocking, ripening and straining are provided. 
These models were applied to the interpretation of the experimental results. 
In Chapter 5, the sensitivity of the mathematical models developed in Chapter 4 is 
analyzed and the physical meaning of each term in the models is discussed in detail. The 
advantages and disadvantages of each mathematical approach and the contributions of 
each deposition mechanism are also analyzed. 
Finally, Chapter 6 contains the major conclusions from this work as well as 
discussion of the significance of the results toward a better understanding of the potential 
environmental implication and application of this new nano-material. Possible directions 
of future work are also suggested. 
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 onto Oxidized Multi-
Walled Carbon Nanotubes: Effects of Aquatic and Surface 
Chemistry, O-MWCNT Aggregation State and Solid-to-Liquid 
Ratio 
ABSTRACT 
The interaction of heavy metals with oxidized multi-walled carbon nanotubes (O-
MWCNTs) is of great importance not only for the evaluation of O-MWCNTs as possible 
sorbents in water and treatment facilities, but also for considering the implication of O-
MWCNTs as contaminants of emerging concern in natural environments where metal co-
contaminants may adsorb onto the surface of O-MWCNTs and have their transport be 
either facilitated or retarded by association with mobile or retained CNTs, respectively. 
Studies were conducted on the equilibrium adsorption relationships between O-





Effects of aquatic chemistry, competing organic adsorbate, O-MWCNT aggregation state 
and solid-to-liquid ratio (S/L) were all investigated. Results showed that the adsorption 
capacity of O-MWCNTs for the metallic ions increased with increasing pH and 
decreasing ionic strength (IS). O-MWCNTs with higher surface oxygen content exhibited 
higher adsorption capacity for the two metals in a manner consistent with prior results of 
others and also consistent with a two-site Langmuir adsorption model developed in 
previous study.
1
 The presence of naphthalene did not substantially affect the adsorption 
of Zn
2+
 onto O-MWCNTs as expected from our hypothesis that the two solutes sorb at 
 22 
different locations on O-MWCNT surfaces. Comparative studies of adsorption with 
previously dried O-MWCNT powders relative to carefully dispersed suspensions of 
individual MWCNTs revealed no statistical difference between adsorption capacities, 
suggesting that similar adsorption mechanisms were at play with either aggregation state. 
The S/L, on the other hand, exhibited significant effect on the adsorption of Zn
2+
 onto O-
MWCNTs with greater impact on sorption affinity (i.e., isotherm slope at low 
concentration) rather than on maximum sorption capacity. Although similar results have 
been long reported in a variety of adsorbate-adsorbent systems, the reason for these 
results in many systems (including this one) is yet to be understood. 
2.1 Introduction  
In order to better estimate the risk of hazardous dissolved solutes in water 
systems, one needs to understand their fate, which is often very strongly affected by their 
tendency to accumulate at solid-water interfaces.
2
 Heavy metals such as aluminum, 
chromium, nickel, copper, zinc, cadmium, mercury and lead are common aquatic 
contaminants
3
 and have been found to have significant effects on aquatic life and human 
health because of their toxicity and carcinogeneicity.
4
  Properties of heavy metals and 
their behavior in the environment have been extensively studied.
2, 5
 Although naturally 







 heavy metal fluxes to water resources have increased due to 




Carbon nanotubes (CNTs) have been found to have high adsorption capacity for 
heavy metals, especially when the tubes’s surfaces are functionalized with more reactive 
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species, such as electron-donating (e.g., oxygen-containing) groups.
1, 7-11
 For example, Lu 
et al.
2
 showed that the specific adsorption capacity of NaClO treated CNTs for Zn
2+
 was 
higher than that of powdered activated carbon (PAC). CNTs are therefore being viewed 
as a new carbon based material that has substantial potential as adsorbents for the 
removal of heavy metals in water and wastewater treatment.
12, 13
 In this context, it is 
important to fully understand the interaction of CNTs of varying surface functionality 
with the to-be treated contaminants. 
The strong tendency of heavy metals to accumulate at the solid (CNT)-water 
interfaces also has implications for the role of CNTs as contaminants of emerging 
concern in natural environments. In aquatic systems where CNTs are present, additional 
solid surfaces are available for the accumulation of heavy metals.  Such surfaces can 
serve to either facilitate or retard the movement of the metal adsorbates in a manner that 
will depend on the relative mobility of the adsorbate species and the adsorbent solids 
(CNTs).
2
 As discussed elsewhere in this dissertation (Chapters 3 and 4), such mobility 
can depend on both the surface chemistry and aggregation state of the CNTs, as well as 
on the chemical composition of the aqueous solution. Therefore, the addition of CNTs to 
these matrices will add new challenges to the modeling and prediction of the fate of these 
heavy metals. 
In recent years, the adsorption of heavy metals onto CNTs has been studied for 
both of the previously mentioned reasons – that is, (1) to estimate the ability of CNTs to 
serve as alternative water treatment materials for removal of heavy metals
12-14
 and (2) to 
predict the interactions of CNTs with heavy metals in natural aquatic systems to assess 
the risk of CNTs as novel contaminants. Factors affecting metal adsorption onto CNTs 
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include the chemical properties of the dissolved metal species, the surface chemistry of 
the CNTs, the presence of potentially competing co-adsorbates such as co-existing metal 
cations or organic compounds, and general conditions of aquatic chemistry such as pH, 
ionic strength (IS), and temperature.  
General conditions of aquatic chemistry, including IS and pH, have been reported 
to affect the adsorption capacity of CNTs for heavy metals in a way consistent with 
theoretical prediction.
1, 7, 8, 11, 15
 Chen and Wang 
7
 investigated the adsorption of Ni
2+
 onto 
oxidized multi-walled CNTs (O-MWCNTs) as a function of pH and IS. Results indicated 
the adsorption of Ni
2+
 was strongly affected by pH and slightly dependent on IS, where 
the adsorbed amount of Ni
2+
 increased with increasing pH or decreasing IS.
7
 Li et al.
8
 






 onto CNTs and 
also reported increasing adsorption capacity with decreasing IS and increasing pH. 
Meanwhile, adsorbed amount of heavy metal is found to increase with increasing solution 
temperature, indicating that the adsorption is an endothermic process.
15-18
 
In addition to aquatic chemistry, CNT surface properties have also been shown to 
significantly affect CNT adsorption of heavy metals.
9, 14, 19, 20
 Cho et al.
19
 quantified the 
atomic oxygen concentration as well as the distribution of functional groups on the 
surface of O-MWCNTs and reported that the adsorption capacity of O-MWCNTs for 
Zn
2+
 was positively correlated to the surface oxygen content of O-MWCNTs, and 
especially to the concentration of carboxylic groups. Li et al.
9
 studied the adsorption of 
Cd
2+
 onto O-MWCNTs of various types and found that the adsorption capacity of the as-
grown CNTs was significantly lower than that of CNTs treated with H2O2, HNO3, or 
KMnO4.  
 25 
The existence of competing adsorbates is another factor that has been reported to 
affect the adsorption capacity of CNTs for a given heavy metal species.
8, 21-23
 Li et al.
8
 







estimated through the fitting of a Langmuir isotherm model, were 97.1, 28.5 and 10.9, 
respectively in single-solute systems but these values decreased substantially to 34.1, 
17.0 and 3.3 mg/g in tri-adsorbate systems, where all three adsorbates were 
simultaneously present. Hsieh and Tsai
23







 onto lab-grown CNTs and reported dramatic decrease of Pb
2+
 




 adsorption capacity in the tri-adsorbate 
system compared to that in the single-adsorbate system. Such competitive effect among 
cationic adsorbates can be explained by the ion-exchange adsorption mechanism 
proposed by several researchers for adsorptions of metals onto CNTs.
7, 21
 On the other 
hand, “organic adsorbates” are perhaps less likely to compete with cations. In regard to 
polycyclic aromatic hydrocarbons (PAHs), for example, multiple studies have postulated 
that π-π bonding is a dominant adsorption mechanism.
19, 24
 Because π-π bonding occurs at 
non-functionalized sites and cation adsorption occurs at functionalized sites, we might 
therefore expect little competition for adsorption sites to occur among PAHs and metal 
cations. Very few studies, however, have been conducted on this topic.
25
 Chen et al.
25
 






) on the adsorption of atrazine 
onto CNTs and reported the suppressing effect of metallic ions on the atrazine adsorption. 
Competition between cations and compounds other than HOCs on adsorption onto CNTs 
was also occasionally reported.
22
 Diaz-Flores et al.
22
 investigated the competitive 
adsorption of Cd
2+




 decreases the phenol adsorption.
22
 The presence of phenol was 




 presumably because of the addition of new 
negatively charged functional groups.  
Among the numerous studies regarding the adsorption of heavy metals onto CNTs, 
very few studies have been carried out to investigate adsorption properties at 
environmentally relevant (i.e., low) concentrations of O-MWCNTs or under conditions 
where O-MWCNTs were in a highly dispersed (i.e., unaggregated) state in suspension. 
Instead, most studies to date have been conducted at CNT mass concentrations ranging 
from ~ 0.1 g/L to ~ 10 g/L with powdered (aggregated) CNTs and in the absence of any 
deliberate efforts to disperse them.
1, 26
 Considering that concentrations of CNTs in natural 
systems are not expected to be greater than 1 mg/L, and that CNTs may enter the 
environment in a more highly dispersed state, there is need for more studies using 
dispersed CNTs at environmentally relevant concentrations.  To date, such studies have 
been limited to adsorbates other than heavy metals. For example, Zhang et al. (2009)
27
 
and Zhang et al.(2012)
28
 have shown that dispersed CNTs exhibit higher adsorption 
capacity for synthetic organic chemicals (such as pyrene) than do  CNTs added as bulk 
powders.  
To the best of our knowledge, however, the effect of CNT concentration on the 
adsorption of metal ions has not been previously reported. Based on prior studies of metal 
ion adsorption by clays, sands and other environmental materials, however, there are 
good reasons to believe that the adsorbent concentration in solution (i.e., the so-called 
solid-to-liquid ratio, or S/L) can have an important effect on metal adsorption 
properties.
29-31
 In particular, much higher adsorption capacity has been observed when 
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low adsorbent concentrations were applied.
29-31
 Prior literature has described this as a 
solid-to-liquid ratio (S/L) effect. Since this effect cannot be explained by current 
thermodynamic equilibrium theory, previous studies have usually attributed it to artificial 
interference (i.e., artifacts) in experimental methods. McKinley et al.
31
 have summarized 
these as follows: (1) adsorption by colloids that have a much higher adsorption capacity 
and remain suspended in the aqueous phase after centrifugation or filtration;
32-35
 (2) 
competition for adsorbate by “complexing agents” (particularly organic carbon) desorbed 
from the adsorbent;
33-36
 (3) competition of different species of adsorbates;
36, 37
 (4) 
increased solid aggregation (e.g., flocculation) to produce a net decrease in readily 
available adsorption sites;
32, 37-40




In considering metal adsorption on CNTs, the fourth artifact considered above 
seems to be the most likely, and would suggest that the issues of S/L effect and 
aggregation (dispersion state) are intimately entwined. Irrespective of cause, however, the 
presence of a real and important S/L effect on the measurement of metal adsorption onto 
CNTs could have important environmental implications. More specifically, we would 
expect that the adsorption capacity of CNTs at low concentrations in the environment 
would be much higher than that estimated from isotherms obtained in the laboratory at 
high S/L.  
The purpose of the work described in this chapter was to investigate the 
interaction between metallic ions and O-MWCNTs in well-mixed batch reactors. In this 
study, equilibrium adsorption and kinetics studies were conducted using both as-received 
(aggregated) O-MWCNT powders and O-MWCNTs that had been deliberately 
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disaggregated and dispersed in solution through controlled sonication, and with the level 





 on O-MWCNTs with surface oxygen concentrations ranging from 5.1% to 
8.0%. Effects of surface chemistry and aggregation state of CNTs, aquatic chemistry (pH 
and IS), competing adsorbate of organic compound (naphthanene), and S/L in 
experimental systems were all studied. In order to independently study the effect of 
aggregation state on O-MWCNT adsorption ability without the interference of an S/L 
effect, adsorption experiments were conducted using both well-dispersed and non 
disaggregated (powdered) O-MWCNTs (preparation method described below) at the 
same solid-to-liquid ratio. On the other hand, experiments using either non disaggregated 
or dispersed O-MWCNTs were conducted at multiple S/L to investigate the S/L effect. 
F400 PAC was also studied to evaluate whether the S/L effect was present with this 
larger and more traditionally well studied adsorbent material. 
2.2 Experimental Methods 
2.2.1 Preparation of Adsorbents 
O-MWCNTs. MWCNTs powders (diameter = 15 ± 5 nm, length = 1 - 5 µm, < 5% 
metal content according to thermogravimetric analysis, 95% carbon purity, provided by 
manufacturer) were purchased from NanoLabs, Inc.. 18% w/w HNO3 as well as a 
combination of KMnO4 and H2SO4 were used to oxidize MWCNTs in our own 
laboratories, following previously described methods
1, 42, 43
 in order to obtain O-
MWCNTs at two different surface oxygen concentrations. In the functionalization 
process, MWCNTs were mixed with oxidants (HNO3 or KMnO4-H2SO4 mixture), and 
then sonicated, refluxed, purified and dried sequentially.
43
 KMnO4 and H2SO4 were 
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employed as oxidants because this method was known to produce O-MWCNTs with high 
surface oxygen concentration within which carboxylic groups (-COO
-
) showed a 
relatively higher concentration. All functionalized O-MWCNTs were purified using 4 M 
NaOH and 1 M HCl solution sequentially after the acid treatment to remove amorphous 




Activated carbon. Granular activated carbon (GAC, F400) purchased from Calgon 
Carbon Corporation (Pittsburgh, PA) was pulverized and passed through a 200 (75 μm) 
mesh sieve. These PAC particles with d ≤ 75 μm were then used as adsorbents in the 
adsorption studies.  
2.2.2 Characterization of Adsorbents 
The total surface oxygen concentrations as well as the distributions of surface 
oxygen functional groups of O-MWCNTs used in this work were determined using X-ray 
photoelectron spectroscopy (XPS) (PHI 5400 system) in conjunction with chemical 
derivatization methods.
45, 46
 All the measurements for O-MWCNTs used in this study 
were conducted by colleagues from the Johns Hopkins University Department of 
Chemistry (Kevin Wepasnick and David Goodwin). Specific surface areas of both 
batches of O-MWCNTs were measured using BET surface area analyzer. The length 
distributions of O-MWCNTs oxidized using the same methods as in this study, have been 
reported in our prior publications.
43, 44
 No significant difference in length distribution was 
found for O-MWCNTs with varied surface oxygen concentrations.
43, 44
 The total surface 
oxygen concentrations and specific surface area (BET measurement) of F400 PAC used 




2.2.3 Preparation of dispersed and non-disaggregated O-MWCNTs 
O-MWCNTs that were used in the powdered state obtained after the 
functionalization and subsequent drying process are hereafter referred to as Aggregated 
O-MWCNTs if they were used directly without disaggregation. In experiments involving 
dispersed O-MWCNTs, suspensions of O-MWCNTs (at both surface oxygen 
concentrations) were prepared using a method described in our prior publications,
43, 44, 47
 
where O-MWCNTs (2 - 12 mg) were added to 200 mL of de-ionized (DI) water and then 
sonicated (Branson 1510, 70 W) for 20 hours. For the O-MWCNTs with the lower 
surface oxygen concentration, it was necessary to keep the pH value between 9 and 10 to 
achieve a stable stock suspension. After sonication, the suspension was centrifuged at 
1000 rpm for 5 minutes to remove any non-suspended O-MWCNTs bundles as well as 
some colloidal glass particles that were found to have been etched from the wall of the 
flask during sonication. The resulting suspensions (also referred to as “dispersions” 
below) were collected and subjected to another 5 min sonication. The hydrodynamic 
diameters (Dh) of the O-MWCNTs in all prepared stock solutions were measured using 
dynamic light scattering (DLS). The final O-MWCNT concentration in a given 
suspension was determined by measuring its absorbance at 270 nm. Preliminary 
experiments showed good linear relationships (R
2
 > 0.999) between the absorbance at 
270 nm and the mass concentrations for the O-MWCNTs used in this study.  
2.2.4 Preparation of Adsorbates 
Analytical-grade Zn(NO3)2·6H2O, Ni(NO3)2·6H2O, NaNO3 were purchased from 
Sigma-Aldrich and used to prepare stock solutions. Naphthalene was also purchased from 
Sigma-Aldrich and used together with Zn
2+
 in the preparation of several stock solutions 
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for competitive sorption experiments. 0.01 M NaOH or 0.01 M HNO3 were used to adjust 
the pH of solutions. NaNO3 was used throughout the study for IS adjustment. For most 
experiments, no pH-buffering agent was added to solutions in order to prevent possible 
effects on aggregation of the MWCNT dispersions or on the adsorption process. It has 
been reported previously that the pH value has negligible effect on the adsorption of Zn
2+
 
onto O-MWCNTs – batch experiments showed that qe was steady to within ±15% 
between pH 5.0 and pH 7.0, where carboxyl groups on the surface of adsorbents are all 
deprotonated considering the pKa of carboxylic groups were mostly below 4.
1, 48
 In 
experiments where the pH values needed to be precise, NaHCO3 were used to maintain 
the pH of the solutions at pH 7.1 ± 0.1. The total concentrations of the adsorbate as well 
as the aquatic chemistry of the stock solutions (IS, pH) varied in different experiments. 
Details can be found in the following section.  
2.2.5 Adsorption Experiments 
In adsorption experiments where aggregated O-MWCNTs or PAC were used as 
adsorbents, these materials were weighed using an analytical balance (Mettler Toledo 
AT261). Extra care was taken to minimize the effect of static electricity by using 
aluminum foil to cover all plastic surfaces of containers and waiting for a constant time 
(3 min) for the analytical balance to stabilize at each reading. After weighing the 




 at varied concentrations and designed 
IS were added into the containers. For experiments in which dispersed O-MWCNTs were 
used as adsorbents, a secondary stock dispersion of O-MWCNTs was prepared by 
diluting the O-MWCNTs stock solutions with Milli-Q water. Secondary stock solutions 
were prepared with metal ion concentrations and IS that were 10 times the target values. 
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Prior study in our group has also revealed that the effect of pH on the adsorption of Zn
2+
 
was negligible at pH > 6,
1
 so no buffer was applied in experiments involving Zn
2+
 and the 
initial pH of all solutions/dispersions were adjusted to 6.5 ± 0.3. For experiments with 
Ni
2+
, 5 mM NaHCO3 was used as buffer and pH was adjusted to be 7.0 ± 0.1. 0.01 – 1 M 
NaOH and HNO3 were applied for pH adjustment and NaNO3 was applied for IS 
adjustment. To initiate the adsorption experiments, secondary stock solutions of 
adsorbate and secondary stock dispersions of O-MWCNTs were mixed in a 1:9 ratio. 
Note that the pH and IS for all solutions and dispersions were adjusted right before the 
mixing step. After the mixing step, the resulting mixtures of adsorbate solutions with 
either aggregated or dispersed MWCNTs were shaken in dark at a constant temperature 
of 23 ± 0.5 
o
C using an end-over-end rotator. Although the adsorption of Zn
2+
 onto O-
MWCNTs reaches equilibrium quickly and is not believed to be light sensitive, all 
experiments in the current study were nonetheless kept in the dark during the full course 
of a 48-hour rotation, with the time chosen in order to keep the experimental conditions 
consistent with those required for the PAC.
6
 In kinetic studies the shaking time was as 
specified subsequently in this chapter. All experiments except the ones involving 
naphthalene were conducted using polypropylene tubes. When naphthalene was 
employed, borosilicate glass ampoules were used after acid wash (0.01 M HNO3). 
Preliminary experiments were first conducted to test all of the containers used in this 
study, which comprised both polypropylene tubes with nominal volumes of 5 mL, 15 mL, 
and 50 mL, and borosilicate glass ampoules with nominal volumes of 5 mL. Results 






a. Kinetics study of Zn2+ adsorption onto aggregated and dispersed O-MWCNTs 
O-MWCNTs at O% of 5.1% and 8.0% were employed in the kinetics study. In 
these experiments, mixtures of O-MWCNTs and Zn
2+
 solutions were prepared using the 
methods described above and shaken for a designated amount of time, ranging from 5 
minutes to 48 hours. For experiments in which dispersed O-MWCNTs were used, the 
hydrodynamic diameters (Dh) of these diluted dispersions were also measured at the time 
of final sampling using dynamic light scattering (DLS). DLS was conducted immediately 
after sampling by diluting an aliquot of the mixture to ~ 0.1 mg/L O-MWCNT dispersion. 
b. Adsorption experiments to investigate pH effect 
3 mg Pristine MWCNTs or F400 PAC were added into 5 mL solutions to 
investigate the effect of solution pH. Ni
2+
 at concentrations ranging from 0.1 – 3.0 mM 
was used as a single adsorbate. 5 mM NaHCO3 was used as a buffer and the solution pH 
was adjusted to be 7.1 ± 0.1 using 0.01 M NaOH or HNO3, with NaNO3 then added as 
necessary to achieve the finally desired IS of 10 mM Experiments at a lower pH value 
were conducted without any buffer and the final pH of those experiments was measured 
to be 5.2 ± 0.2. IS was maintained at 10 mM for these experiments as well. 
c. Adsorption experiments to investigate IS effect 
Mixtures containing 0.427 g/L dispersed 8.0% O-MWCNT and Zn
2+
 at 
concentrations ranging from 0.003 to 0.03 mM were used to investigate IS effects. The 
total IS of those mixtures were adjusted to be 1 mM or 10 mM. The initial pH values 
were adjusted to 6.5 ± 0.3 using 0.01 M NaOH or 0.01 M HNO3. The final pH of these 
experiments ranged from pH 5.8 – pH 6.4. 
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d. Adsorption experiments to investigate O-MWCNT surface chemistry effect 
Solutions containing Zn
2+
 ranging from 0.2 – 3 mM were mixed with O-
MWCNTs with total surface oxygen concentrations of 5.1%, 5.4%, 6.3% and 7.1% to 
study the effects of O-MWCNT surface chemistry on adsorption. IS in this study was 
kept at 10 mM. No buffer was used and the initial pH was adjusted to be 6.5 ± 0.3. Final 
pH of this study ranged from pH 5.8 – pH 6.4. 
e. Adsorption experiment to investigate S/L and aggregation effects 
8.0% O-MWCNT and 5.1% O-MWCNT at both aggregated and dispersed forms 
as well as PAC were all used as adsorbents to study Zn
2+
 sorption at varied S/L. Details 
for the experimental setup are summarized in Table 2.1. The initial pH values for all 
experiments in this section were adjusted to 6.5 ± 0.3. Final pH of these experiments 
ranged from pH 5.8 – pH 6.4. Total IS was kept at 10 mM throughout the experiments. 
Table 2.1. Summary of adsorption experimental parameters 



























As shown in Table 2.1, both aggregated and dispersed O-MWCNTs were applied 
in experiments at the S/L of 0.061 g/L. This is the only solid-to-liquid ratio with 
sufficiently large CNT mass for the aggregated O-MWCNTs powder to be accurately 
measured out using an analytical balance (0.9 ± 0.1 mg per sample) and with a 
sufficiently low solid concentration to allow the maintenance of stable O-MWCNT 
dispersion that do not  
2.2.6 Measurement of Adsorbate Concentrations 
At the end of the specified equilibration period, all samples from the sorption 
experiments were removed from the rotator and solutions were passed through a 0.20 µm 
nylon filter (Corning Inc.). I then measured the pH as well as aqueous concentrations of 
Zn
2+
 in the filtrate. Preliminary experiments were conducted in systems without CNT 
addition and these results confirmed negligible (< 1%) uptake of Zn
2+
 by the filter. In 
order to test the filtration efficiency of the filter, O-MWCNT dispersions were prepared 
in pure Milli-Q water at the lowest (0.016 g/L) and highest (0.061 g/L) concentrations 
used in this study. These were passed through the same nylon filter and the filtrate was 
scanned from 200 nm to 800 nm using UV-Vis. Results showed that negligible amount of 
O-MWCNTs in the dispersion passed through the filters (99.8% removal). The 
concentrations of Zn
2+
 (Ce in equilibrium experiments and Ct in kinetic experiments) in 
the filtrates were measured using inductively coupled plasma mass spectrometry (ICP-
MS, ELAN DRC II, PerkinElmer) or atomic absorption spectroscopy (AAS, AAnalyst 
100, PerkinElmer). The solid (adsorbed) concentration of Zn
2+
 at equilibrium, qe 












where C0 is the initial aqueous concentration of Zn
2+
 (mM); V is the volume of solution 
(L); and M is the mass of adsorbent (O-MWCNT or PAC, g).  
In studies of kinetics, the instantaneous aqueous Zn
2+
 concentration at time t, Ct 
was measured and the instantaneously adsorbed concentration of Zn
2+
 at time t, qt, was 
calculated using Eq. 2.1 as well.  
2.2.7 Mathematical Modeling of Adsorption Isotherms 
The Langmuir isotherm model, as shown in Eq. 2.2, was used to fit all adsorption 
isotherms and was the primary tool for quantitative comparison of results.  The following 
“single-site” form of the model was fit to data in a manner designed to minimize the sum 













where qmax is the maximum sorption capacity (mmol/g) and KL is the adsorption affinity 
(mM
-1
). Because the regression results using linearization or least squared regression with 
weighted squared errors were similar to the results obtained with the currently applied 
method, these two methods were not applied in this study. 
In addition to the traditional Langmuir isotherm, a two-site Langmuir isotherm 
























have shown that the quantity of carboxylic groups on the surface of O-MWCNTs 
correlates strongly with the adsorption capacity of O-MWCNTs, while the other 
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functional groups, i.e., carbonyl, hydroxyl and non-identified residue, show 
comparatively negligible correlation. The correlation between carboxylic groups and the 
adsorption capacity of O-MWCNTs also revealed a positive intercept, indicating 
adsorption of Zn
2+
 onto the surface of O-MWCNTs where carboxylic groups were absent. 
Graphene accounts for over 90% of the carbon on the surface of O-MWCNTs. Therefore, 
we assumed that the graphene and carboxylic groups served as the two dominant types of 
adsorption sites. Note that the contribution of the graphene surfaces is also significant 
only because of their high relative contribution to surface area despite their low unit 
adsorption ability for metal ions. On the other hand, although carboxylic groups have a 
much lower relative surface concentration compared to that of the graphene sheet, but 
show much stronger affinity to Zn
2+
, leading to high adsorption capacity. More details 
regarding the two-site Langmuir model have been provided previously by Cho et al.
1
 
2.3 Results and Discussions 
2.3.1 Characterization of O-MWCNTs 
The total atomic oxygen concentrations on the surface of studied O-MWCNTs as 
well as the relative percentages of different oxygen containing functional groups are 
summarized in Table 2.2. Also included in Table 2.2 is the total surface oxygen  





OT% OCOOH% OC=O% OOH% Oothers% 
18% HNO3 5.1 2.0 2.9 0.6 -0.5 
25% HNO3 8.0 2.2 1.9 0.6 0.7 
43% HNO3 8.0 2.6 1.4 0.7 1.6 
53% HNO3 8.0 2.8 1.1 0.7 2.6 
KMnO4/H2SO4 8.0 3.6 1.4 0.7 2.3 
PAC 8.0 N/A N/A N/A N/A 
* The XPS measurement in conjunction with chemical derivatization methods was 
conducted in Chemistry Department by Kevin Wapasnick and David Goodwin. 
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concentration of PAC (sieved through mesh 200) applied in this study. The values of 
surface oxygen in these O-MWCNTs were 5.1%, 5.4%, 6.3%, 7.1%, and 8.0%, 
respectively. The surface oxygen concentration for PAC was 8.0%. For the 5.1% and 
8.0% O-MWCNTs, the percentages of oxygen associated with carboxyl groups were 
estimated to be 2.0% and 3.6%, respectively. The measured BET surface area for 8.0% 
O-MWCNT and PAC were 228.4 ± 0.6 m
2
/g, and 1004.0 ± 0.1 m
2
/g respectively. It has 
been shown from our previous study that O-MWCNTs oxidized using HNO3 or 
KMnO4/H2SO4 exhibited statistically identical surface area compared to their pristine 
counterpart.
1
 Therefore, it is reasonable to assume that 5.1% O-MWCNT exhibits surface 
area of 228 m
2
/g. DLS measurement showed that the hydration diameter Dh of the 
dispersed O-MWCNTs involving in this study was 163 ± 5 nm, which was similar to 
those measured in our previous studies, where the existence of individually dispersed 
nanoparticles in solution was shown using TEM and AFM.
43
 
2.3.2 Kinetic Study of O-MWCNT Adsorption 
The adsorption kinetics of Zn
2+
 onto dispersed and aggregated O-MWCNTs is 
shown in Figure 2.1. The adsorption of Zn
2+ 
onto dispersed or aggregated O- MWCNTs 
were both apparently complete within less than 30 minutes.. For the dispersed O-
MWCNTs, the adsorption kinetics figure reaches a plateau within 5 minutes. For the 
aggregated O-MWCNTs, the time required to reach a plateau was relatively longer, but 
still under 30 minutes. Due to the experimental limitation, quantitative analysis was not 
conducted for the kinetic experiments. It is noteworthy, however, that pseudo-second 
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order kinetics model as shown in Eq. 2.4 was reported to be the best fit by numerous 















where qt [M/M] and qe [M/M] are the amounts of Zn
2+
 adsorbed onto O-MWCNTs at 
time t and at equilibrium, respectively, and k2 is the pseudo-second-order rate constant 
(M/(M·T)) 
2.3.3 Effects of pH and ionic strength  
The pH value and IS of solutions were varied in the adsorption experiments and 
both factors exhibited significant effects. 
a. Effect of pH 
As shown in Figure 2.2, the adsorption of pristine MWCNTs exhibited  
Figure 2.1 Kinetic study for the adsorption of Zn
2+
 onto (a) 5.1% O-MWCNTs and (b) 
8.0% O-MWCNTs at the solid-to-liquid ratio of 0.061g/L. Both aggregated and 
dispersed O-MWCNTs were employed. Experiments were conducted without any 
additional buffer and the final pH and ionic strength were 5.8 – 6.4 and 10 mM, 
respectively. 
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significantly larger adsorption ability towards Ni
2+
 at pH 7.1 than at pH 5.2. At pH 7.1, 
both the initial isotherm slope (affinity) and the ultimately approached plateau 
(adsorption capacity) of the isotherm are larger than those at pH 5.2. 
The extent of difference is larger than what was previously reported by Cho et 
al.,
1
 who found that pH had negligible effect on the adsorption of Zn
2+
 (<15% change in 
qe) for both pristine and O-MWCNTs at pH 5.0 – 7.0. It is noteworthy, however, that pH 
5.0 was the lower limit of the pH range in the study of Cho et al.
1
 and that this value is 
Figure 2.2. Adsorption isotherms of Ni
2+
 onto pristine MWCNTs at pH values of 5.2 ± 
0.3 and 7.1 ± 0.1. 5 mM NaHCO3 was applied as a buffer at pH 7.1. Experiments were 
conducted without any buffer at pH 5.2. IS was maintained at 10 mM with NaNO3 for 
all experiments conducted for this purpose.  
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within a pH range where high sensitivity to pH is likely and, in particular, at a pH where 
significant decreases on Zn
2+
 adsorption with pH begin to occur. Given the different 
species of cations being studied (Ni
2+
 here versus Zn
2+
 in Cho et al) and that there is 
relatively large variation of pH value (± 0.3) in both studies owing to the absence of 
buffer at pH 5.0, the noted differences of results are not especially surprising. Morever, 
the large difference in adsorption capacity at these two pH values, as observed in this 
study, is also consistent with expectations based on deprotonization of carboxylic groups 
on the surface of MWCNTs at higher pH. In order to avoid the interference of pH in 
subsequent studies, all experiments involving Ni
2+
 were conducted at pH 7.0. When Zn
2+
 
was applied, no buffer was applied and the final pH lied between 5.8 to 6.4, where the pH 
effect was observed to be negligible, as is consistent with the prior findings of Cho et al.
1
. 
b. Effect of ionic strength 
IS effects on the adsorption of metal cations by O-MWCNTs has been reported 
previously mostly with aggregated CNTs
 6-8, 11, 16 
and these results were confirmed by our 
studies for dispersed forms of O-MWCNTs. As shown in Figure 2.3, higher adsorption 
capacity of dispersed O-MWCNTs for Zn
2+




2.3.4 Effect of Competing Organic Compound 
As shown in Figure 2.4, the adsorption of Zn
2+
 onto 8.0% O-MWCNTs was not 
affected by the additional 5 mg/L naphthalene. Prior study in our lab using O-MWCNTs 



















IS =  1.00
IS =  10.00
Figure 2.3 Adsorption isotherms of Zn
2+
 onto 8.0% O-MWCNTs at varied IS. 
Experiments were conducted without any buffer at a final pH of 5.8-6.4.  
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process) showed that the equilibrated adsorbed naphthalene was~ 44 mg/g for 7.4% O-
MWCNTs and ~ 31 mg/g 8.9% O-MWCNTs in a single-solute system.
19
 Even if the 
adsorbed amount of naphthalene was suppressed by the presence of Zn
2+
, the presence of 
naphthalene in the system should still have a noticeable effect on the adsorption capacity 
of O-MWCNTs for Zn
2+
. These results therefore may indicate that metallic ions and 
hydrophobic organic compounds adsorb onto O-MWCNTs with different adsorption 
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Figure 2.4 Adsorption isotherms of Zn
2+
 onto 8.0% O-MWCNTs in the presence and 
absence of 5 mg/L naphthalene. Experiments were conducted without any buffer at a 
final pH of 5.8-6.4 
 44 
exchange was found to be the primary mechanism for metallic ion adsorption and π -π 
interaction was the primary mechanism for the adsorption of organic compounds.
7, 19, 25, 51
 
2.3.5 Effect of Surface Chemistry 
The concentration of oxygen functional groups on the surfaces of O-MWCNTs is 
shown to have a significant effect on the adsorption of divalent ions(Figure 2.5).  
 
O-MWCNTs with higher total oxygen concentrations and higher concentrations of 
carboxylic groups exhibited higher adsorption capacity. All isotherms could be well fit by 
the traditional Langmuir isotherm model. The parameters are summarized in Table 2.3.  
Table 2.3. Fit parameters for the four isotherms shown in Figure 2.5 as based upon 
fitting of the one-site Langmuir isotherm model. 







5.1% 0.17 0.75 7.68 0.879 
5.4% 0.24 1.05 11.25 0.989 
6.3% 0.31 1.36 23.41 0.967 
7.1% 0.37 1.63 27.21 0.983 
Figure 2.5 Adsorption of Zn
2+
 onto O-MWCNTs at varied total oxygen concentrations 
as well as carboxylic group concentrations. Experiments were conducted at the S/L of 
0.43 g/L without any buffer and the final pH and ionic strength were 5.8 - 6.4 and 10 
mM, respectively. The (a) mass normalized and (b) surface area normalized equilibrated 
solid concentration (qe) were both shown. All data were fitted using single-site 
Langmuir model. 
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In Figure 2.5, the adsorbed concentration qe is shown in units of mmol/g as well as 
µmol/m
2
. The former is more commonly seen in literature and can help researchers more 
practically consider the required amount of adsorbent needed in a packed bed or batch 
study to reach a specific equilibrium concentration. The latter (µmol/m
2
), on the other 
hand, is more useful for considering the adsorption mechanism since the number of 
adsorption sites will scale with the surface area of the adsorbent. Although the BET 
measured surface area is an inexact measure of the actual contact area available for 
adsorption in solution, normalization of the adsorbed concentration with the surface area 
one can still provide a possibly better qualitative method for comparing the adsorption 
ability per unit site among varied adsorbents. 
In addition to the traditional Langmuir model, a two-site Langmuir model as 
described above and in Cho et al.
1
 was also applied in this study to mathematically 
analyze the role of carboxyl functional groups. As discussed previously, we hypothesize 
that carboxylic groups and graphene are two primary site types on the surface of O-
MWCNTs interacting with Zn
2+
 based on the high correlation between carboxylic group 
concentration and the adsorption capacity of O-MWCNTs in linear regression and the 
positive intercepts of the regression.
1
 The four experimental data were then fitted 
altogether with eight qmax (two for each type of O-MWCNTs) and two KL (one attributed 
to graphene and the other to carboxylic groups for all O-MWCNTs employed). The fit 
parameters are shown in Table 2.4 and the data were replotted with the two-site 
Langmuir model in Figure 2.6. 
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Table 2.4. Fit parameters for four isotherms shown in Figure 2.5 using two-site 























5.1% 0.13 0.61 
0.053 0.0054 
0.879 
5.4% 0.33 0.73 0.984 
6.3% 0.81 0.60 0.991 
7.1% 0.83 0.64 0.808 
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The two-site Langmuir model fit the experimental results reasonably well. These 
results are consistent with the previous findings of Cho et al.
1
, who reported that the 






































































C ontribution  of carboxylic groups
C ontribution  of graphene groups 
T otal fit
Figure 2.6 Two-site Langmuir isotherm fit of adsorption isotherms shown in Figure 2.5. 
The isotherms shown were obtained using (a) 5.1% O-MWCNTs, (b) 5.4% O-MWCNTs, 
(c) 6.4% O-MWCNTs and (d) 7.1% O-MWCNTs. 
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and carboxylic groups on the surface. As shown in Table 2.4, the obtained qmax and kL 
are in the same order of magnitude as those obtained in Cho et al.
1
, within factors of 
roughly 2 and 5, respectively. These findings suggest that the O-MWCNTs used in this 
study have similar properties as those used in the previous study of our group.  Note that 
some differences are in fact expected. Although both materials were obtained using 
similar oxidizing methods and on starting materials from the same supplier, they do 
represent different batches of CNTs and were prepared at different times.  
The obvious effect of surface oxygen content of O-MWCNTs not only exhibited 
on aggregated O-MWCNTs, but also showed when dispersed O-MWCNTs were used as 
shown in Figure 2.7. These experimental results were also well fit using one-site  
 
Langmuir isotherm model, indicating similar favorable (concave downward) isotherm 
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(a) (b)
Figure 2.7 Adsorption of Zn
2+
 onto dispersed O-MWCNTs at varied total oxygen 
concentrations. Experiments were conducted at the S/L of (a) 0.061 g/L and (b) 0.016 
g/L. No buffer was employed and the final pH and ionic strength were 5.8 ± 0.2 and 10 
mM, respectively.  
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model was not applied on these results due to the relatively small pool of the data 
reservoir. 
2.3.6 Effect of Aggregation States 
As mentioned above, it is important to investigate the possible differences 
between the dispersed and aggregated O-MWCNTs in their interactions with divalent 
cations. In the current study we tested the adsorption of Zn
2+
 ions onto 8% and 5% O-
MWCNTs at the solid-to-liquid ratio of 0.061 g/L in both completely dispersed and 
aggregated form. Initial hydrodynamic particle sizes of O-MWCNTs dispersions were 
tested to be ~160 nm for 5.1% O-MWCNTs and ~163 nm for 8.0% O-MWCNTs, which 
are typical particle sizes for completely dispersed O-MWCNTs.
44
 Even at the low S/L 
used, obvious aggregation was observed right after mixing the 5.1% O-MWCNT 
dispersion with the Zn
2+
 testing solution. On the other hand, the 8.0% O-MWCNT 
dispersion exhibited greater stability, with most material staying well dispersed 
throughout the equilibrium time (48 hours) and with only a few aggregated particles 
attached to the wall of containers. DLS measurement of the dispersions showed that the 
majority of 8.0% O-MWCNT dispersion had the size of ~ 180 nm but the size of 5.1% O-
MWCNT dispersion increased to over 400 nm in 10 min.  
Figure 2.8 shows the adsorption isotherms for both 5.1% and 8.0% O-MWCNT  
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in both dispersed and aggregated (powdered) forms. For O-MWCNTs at 5.1%O and 
8.0%O, there is no statistical difference in their adsorption isotherms between aggregated 
and dispersed forms at the same solid-to-liquid ratio. These results may indicate there is 
no significant difference in adsorption mechanism between O-MWCNTs that are still in 
their initial aggregated state and those being sonicated and well dispersed. These results 
are also consistent with the observation in our previous study that the aggregation state of 
O-MWCNTs, per se, does not appear to have a major effect on their adsorption abilities.
1
 
One may notice that, within the lower equilibrium concentration range of 0.002 – 0.01 
mM, the dispersed O-MWNTs exhibited slightly higher adsorbed concentration, which 
was also shown in the kinetics study (Figure 2.1). However, this difference was no 
longer obvious when Ce > 0.01 mM and therefore did not cause the estimated adsorption 
capacity of the dispersed O-MWCNTs to be statistically higher than that of the 
aggregated O-MWCNTs. These findings were different from those of Zhang et 
Figure 2.8 Adsorption of Zn
2+
 onto (a) 5.1% O-MWCNTs and (b) 8.0% O-MWCNTs at 
S/L of 0.061 g/L. Both aggregated and dispersed O-MWCNTs were used as sorbents. 
No buffer was used in the experiments and the final pH and ionic strength were 5.8 ± 







































 and Zhang et al. (2009)
27
, both of whom reported a significant increase of 
adsorption capacity for CNTs while dispersed. It is noteworthy, however, that they 
focused on adsorption of organic compounds onto CNTs and to the best of our 
knowledge, no study has been conducted to investigate the effect of aggregation state on 
heavy metal adsorption onto CNTs. We therefore postulate that aggregation state is of 
great importance when the adsorption mechanism is π - π bonding because the effective 
surface area increases when CNTs are dispersed. When ion exchange is the primary 
mechanism, as in heavy metal adsorption, the aggregation state no longer plays an 
important role in determining the adsorption capacity of CNTs because the availability of 
carboxylic groups, which serve as ion exchange sites on CNT surfaces, is not limited by 
CNT aggregation state.  
2.3.7 Effect of Solid-to-Liquid Ratio in the System 
As noted above, the aggregation state of the O-MWCNTs does not appear to have 
any major effect on the adsorption capacity of O-MWCNTs for the conditions of this 
study. The solid-to-liquid ratio, on the other hand, showed significant effect on the 





 onto both 5.1% and 8.0% O-MWCNTs at the solid-to-liquid ratios ranging from 
0.016 g/L to 0.714 g/L. For both types of O-MWCNTs, isotherms obtained at lower 
solid-to-liquid ratios are significantly higher than those obtained at relatively higher 
solid-to-liquid ratios. For reasons previously discussed, aggregated O-MWCNTs can only 
be used in experiments at solid-to-liquid ratios above 0.061 g/L and dispersed O-
MWCNTs can only be employed in experiments at solid-to-liquid ratios below 0.061 g/L. 
Therefore, a change of aggregation state of O-MWCNTs was unavoidable over the large 
range of solid-to-liquid ratios studied here. Under the assumption of no differences 
associated with aggregation state (based on the evidence obtained at 0.061 g/L), it is 
reasonable to compare the adsorption isotherms shown in Figure 2.9, despite the varied 
aggregation state. Since isotherms for low solid-to-liquid ratios (mostly dispersed O-
Figure 2.9 Adsorption of Zn
2+
 onto (a) 5.1% O-MWCNTs and (b) 8.0% O-MWCNTs at 
varied solid-to-liquid ratios as well as aggregation states. Experiments were conducted 
































0.143 g/L  - aggregated
0.429 g/L  - aggregated
0.714 g/L  - aggregated
0.061 g/L  - aggregated
0.061 g/L  - d ispersed
0.031 g/L  - d ispersed
 0.016 g/L  - d ispersed
(a) (b)
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MWCNTs) have a much lower range of equilibrated concentration Ce, all isotherms 
obtained by using dispersed O-MWCNTs have been replotted in Figure 2.10. In order to  
 
further compare the adsorption of O-MWCNTs at different solid-to-liquid ratios, two 
example isotherms for 8.0% O-MWCNTs at the solid to liquid ratio of (a) 0.429 g/L and 
(b) 0.031 g/L are shown in Figure 2.11. Both isotherms were well fit using single-site 
Langmuir isotherms. 
It can be seen from Figure 2.9 and Figure 2.10 that the effect of S/L is most 
obvious at higher S/L. For 5.0% O-MWCNTs, such effect cannot be seen below 0.061 
g/L, and for 8.0% O-MWCNTs, the effect cannot be seen below 0.031 g/L. This finding 
further indicates that aggregation state is not the reason for the S/L effect, since in that 
case, we would expect less S/L effect for the high oxidized tubes at low S/L range. 
However, the opposite was observed. The strong effect of S/L, however, can be easily 
observed, for example, between S/L of 0.429 g/L and 0.031 g/L as shown in Figure 2.11.  
Figure 2.10 Adsorption of Zn
2+
 onto dispersed (a) 5.1% O-MWCNTs and (b) 8.0% O-
MWCNTs at varied solid-to-liquid ratios. Experiments were conducted without any 







































It is clear from this figure that both isotherms reached plateaus at similar height, although 
the isotherm created at a lower S/L (Figure 2.11(b)) reaches the plateau at an equilibrium 
concentration around 30 times lower than that created at a higher solid-to-liquid ratio. 
Figure 2.9 and Figure 2.11(a) also show that much steeper slopes can be observed for 
isotherms obtained at low S/L than those obtained at high S/L. This finding is in contrast 
to expectations based on the possibility of site blockage due to aggregation,
30, 52, 53
 where 
the adsorption capacity (the level of plateau) was expected to be different instead of the 
affinity (the slope of the curve before reaching the plateau). Overall, the mechanistic 
cause of the S:L effect with CNTs, as with the similarly large effects previously adsorbed 
with metal adsorption to quartz and clays
30, 52, 53
 remains uncertain.  
In order to better understand the adsorption properties of CNTs, all isotherms 
























0.429 g/L  - aggregated
O ne-site L angm uir m odel fit
0.031 g/L  - d ispersed
0.016 g/L  - d ispersed
Figure 2.11 Adsorption of Zn
2+
 onto 8.0% O-MWCNTs at the solid-to-liquid ratios of 
(a) 0.429 g/L and lower S/L and (b) 0.031 g/L. Experiments were conducted without any 
buffer and the final pH and ionic strength were 5.8 - 6.4 and 10 mM, respectively.  
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Maximum adsorption capacity, qmax, and adsorption affinity KL obtained from the fitting 
are summarized in Table 2.5. Parameters obtained for 8.0% O-MWCNTs are also shown  
Table 2.5 Fit parameters of isotherms shown in Figure 2.9 and Figure 2.13 using one-
site Langmuir model. 




qmax KL qmax KL qmax KL 
0.016 0.1972 545.8 0.1204 269   
0.031 0.2011 1133 0.08207 387.4   
0.061 0.168 328.1 0.1056 827   
0.061 0.1942 225 0.1678 119.8   
0.143 0.2751 14.01 0.00625 412.6   
0.429 0.245 27.34   0.066 0.782 
0.714 0.2619 3.116   0.104 0.545 
 
in Figure 2.12, where they are plotted as a function of the corresponding S/L. As shown  
 
in Figure 2.12, the maximum adsorption capacity qmax keeps roughly constant when the 
S/L increases by more than 10 times. On the other hand, the affinity KL, decreases 
dramatically from ~ 0.54 µM
-1
 to ~ 0.0031 µM
-1
. These results clearly show the negative 
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Figure 2.12 Fit parameters of experimental data in Figure 2.9(b) using one-site 
Langmuir model. Both (a) the maximum adsorption capacity and (b) the affinity 
constant KL are plotted as a function of solid-to-liquid ratio. 
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correlation between the affinity of the adsorption sites on the surface of O-MWCNTs to 
Zn
2+
 and the solid-to-liquid ratio of the system.  As previously noted, however, the 
fundamental mechanism causing such strong inverse relationship remains unclear. 
One concern in the above regard is that our work may somehow be affected by 
experimental artifacts that cause an “appearance” of S:L effects where they do not exist.  
In order to evaluate the possibility of such artifact, and under the assumption that S:L 
effects should not affect sorption with a microporous material such as PAC, we 
conducted additional studies of Zn
2+
 sorption with PAC at S:L values of 0.429 g/L and 
0.714 g/L). Note that, since PAC cannot be dispersed into aqueous solution as O-
MWCNTs. It is not possible to accurately measure lower PAC mass additions, and 
experiments at lower solid-to-liquid ratio were not possible without using impractically 
large aqueous volumes. The isotherms obtained using PAC were therefore limited to the 
S:L ranges as given above. The resulting data, as with the prior CNT results, were fit 
using one-site Langmuir model.  The fitted parameters are summarized in Table 2.5. As 
evident from the values in this table and as shown in Figure 2.13, the S/L has negligible  
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effect on adsorption experiments using PAC as adsorbents.  This is in direct contrast to 
the strong inverse relationship previously discussed for the 8.0% O-MWCNTs. This 
investigation indicates that the S/L effect is not a universal phenomenon throughout all 
types of adsorbents and suggests against the possibility of experimentally artificial factors 
causing our observations with CNTs.  In addition, the results also suggest that the S/L 
effect may indeed relate in some way to the fact that adsorption with O-MWCNTs occurs 
on external surfaces of individual particles (with variable surface-volume ratios as 
affected by solid-liquid ratio), whereas adsorption onto surfaces of PAC occurs on pore 
walls that are internal to these microscopically porous materials, and which are, thus, less 
likely to be affected by the proximity of other particles.   Nonetheless, however – and as 
already emphasized in prior discussion – we remain uncertain as to why adsorption 
affinity to external surfaces is so heavily affected by solid-liquid ratio, even while 
aggregated state (per se) seems to have relatively little effect. 
Figure 2.13 Adsorption of Zn
2+
 onto (a) PAC and (b) 8.0% O-MWCNTs at varied solid-
to-liquid ratios. Experiments were conducted without any buffer and the final pH and 
ionic strength were 5.8 -6.4 and 10 mM, respectively.  
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2.4 Implication of the Study 
The meaning of the results is twofold. First, this study investigated the potential 
of CNTs as a new water treatment candidate. The large surface area and surface 
functional groups make CNTs a good candidate as adsorbent for heavy metal removal. 
Our study quantified the relationship between various functional groups, especially 
carboxyl groups and unit-adsorbed amount of heavy metals on CNT surfaces. We also 
developed a two-site Langmuir model for CNTs with varied surface oxygen 
concentrations. These results, together with previous studies using traditional adsorbents, 
such as PAC, provided quantitatively evaluation for CNT as a potential contaminant 
treatment material. Second, this study has broadened our knowledge on the interactions 
between CNTs, as novel materials, and heavy metals. O-MWCNTs at low concentrations 
exhibited a significantly larger adsorption capacity for divalent metal ion adsorption. This 
finding is of great importance in estimating the effect of CNTs on the transport and 
distribution of heavy metals in the water and groundwater systems. 
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Chapter 3. Transport of Oxidized Multi-Walled Carbon 
Nanotubes through Silica Based Porous Media: Influences of 
Aquatic Chemistry, Surface Chemistry and Natural Organic 
Matter1 
ABSTRACT 
This chapter provides results from studies of the transport of oxidized multi-walled 
carbon nanotubes (O-MWCNTs) of varying surface oxygen concentrations under a range 
of aquatic conditions and through uniform silica glass bead media. In the presence of 
Na
+
, the required ionic strength (IS) for maximum particle attachment efficiency (i.e., the 
critical deposition concentration, or CDC) increased as the O-MWCNT’s surface oxygen 
concentration or pH increased, following qualitative tenets of theories based on 
electrostatic interaction. In the presence of Ca
2+
, CDC values were lower than those with 
Na
+
 present, but were no longer sensitive to surface oxygen content, suggesting that Ca
2+
 
impacts the interactions between O-MWCNTs and glass beads by mechanisms other than 
electrostatic alone. The presence of Suwannee River natural organic matter (SRNOM) 





                                                 
1
 This chapter has been published as Yang, J.; Bitter, J. L.; Smith, B. A.; Fairbrother, D. H.; Ball, 
W. P., Transport of Oxidized Multi-Walled Carbon Nanotubes through Silica Based Porous Media: 
Influences of Aquatic Chemistry, Surface Chemistry, and Natural Organic Matter. Environ Sci Technol 
2013, 47, (24), 14034-14043. Julie L. Bitter and Billy A. Smith helped with the collection of preliminary 
data; D. Howard Fairbrother and William P. Ball helped with the data interpretation and editing. 
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but with more pronounced effects when Na
+
 was present. Nevertheless, low 
concentrations of SRNOM (< 4 mg/L of dissolved organic carbon) were sufficient to 
mobilize all O-MWCNTs studied at CaCl2 concentrations as high as10 mM. Overall, this 
study reveals that NOM content, pH and cation type have more importance than surface 
chemistry in affecting O-MWCNTs deposition during transport through silica-based 
porous media.  
3.1 Introduction 
Carbon nanotubes (CNTs), with their unique structure and properties,
1-5
 have a 
widespread range of current and potential applications
6
 and their production rates have 
steadily increased over the past decade.
7
 Multi-walled CNTs (MWCNTs) cost less to 
produce and are sold in much greater quantities than single-walled CNTs (SWCNTs),
7
 
with correspondingly higher potential for environmental release. Although pathways for 
release have not yet been well established,
8-10
 it is reasonable to assume that aqueous 
contamination may occur as the result of direct emissions to air or water through spills or 
misuse and also perhaps following long-term degradation of the commercial materials 
into which CNTs are embedded.
8-10
 MWCNT surfaces are often oxidized during 
production to increase their stability in polar solvents such as water or polar solvents used 
with some polymeric resins,
11-16
 or to improve their properties for use as drug delivery 
agents.
17
 Surface oxides can also be introduced onto MWCNTs inadvertently during 
purification with acids or through exposure to UV radiation, reactive radicals, and/or 
ozone.
18-20
 The existence of such oxides on MWCNT surfaces have been shown to 
dramatically influence environmentally relevant properties, such as homo-aggregation 




To better understand MWCNT transport in groundwater or engineered processes 
of filtration it is useful to consider well-studied physical and chemical principles of 
colloid transport through porous media.
24-46
 Chemical interactions between suspended 
particles and environmental collectors include London-van der Waals forces, electrostatic 
interactions, hydration forces, and steric interactions
24-36, 38-41
 as well as some specific 
short-range interactions, such as the so-called “bridging” effects of Ca
2+
 with carboxylic 
groups.
42-46
 All of these interactions are intimately dependent on surface and solution 
chemistry and have been extensively studied in prior work.
44-50
 In prior studies of particle 
retention in porous media, researchers have found it useful to separately consider the case 
of “clean bed filtration” in which particle interactions with the solid media (“collectors”) 
are studied under conditions where (1) the volume of particles (colloids) removed is low 
enough that collector surfaces have been negligibly covered, and (2) substantial amounts 
of straining are avoided. Here, we follow numerous others by defining straining as the 
“trapping of colloids in pore throats that are too small to allow their passage”.
51
 The 
avoidance of substantial amounts of straining helps to ensure depth filtration and is 
important for experimental studies where the goal is to isolate and understand the relative 
roles of single collector contact efficiency η0 and attachment efficiency, α, as separate 
components of a first-order deposition rate coefficient, kd that has been traditionally 
formulated in terms of the product αη0 and other coefficients that are constant for a given 
pore water velocity and porous media type.
24, 25, 38
 In such a formulation, η0 represents the 
fraction of approaching particles that can theoretically result in collision (due to 
interception, sedimentation and diffusion) and α represents the number of actual colloid-
collector attachments that occur for a given number of collision opportunities). 
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Given the unique structure of MWCNTs, especially their small diameters, high 
aspect ratios, and varied surface chemistry, it is difficult to estimate η0 from theory or to 
extrapolate its value from previous studies with other materials. Within this context, and 
to the best of our knowledge, no prior studies have specifically addressed the issue of 
surface oxygen and water chemistry impacts on deposition rate coefficients and 
attachment efficiencies during O-MWCNT transport through clean beds. In the study 
reported herein we focus on this issue through the estimation of attachment efficiencies 
between the glass surfaces of spherical filter “collectors” and the surfaces of individual 
O-MWCNTs of varying surface composition. Estimation on attachment efficiency is 
made possible through well-controlled conditions of transport under conditions that were 
designed to ensure so-called “clean bed filtration,” where first-order irreversible removal 
rates apply for the majority of the observed fractional removal, as independently verified 
through spatial retention profiles and model simulation.  
Although several prior studies have investigated CNT transport through porous 
media, most studies to date have been conducted with natural soil or quartz sand systems 
and none have quantified attachment efficiency as a function of both surface and solution 
chemistry. Moreover, given that size heterogeneity and surface roughness of the porous 
media tend to enhance straining,
51
 it is not surprising that most prior work has been 
influenced by straining effects.  For example, in their studies of the transport of oxidized 
SWCNTs through quartz sand as a function of ionic strength (IS), Jaisi et al.
52, 53
 found 
that O-SWCNT transport followed predictions of conventional deposition theory under 
most conditions for quartz sand
52
 but that straining was the primary means of O-SWCNT 
deposition with soils under all conditions
53
. In their study of functionalized MWCNT 
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tube-length effects on transport through quartz sand, Wang et al. 
54
 also reported that that 
straining played an important role – these investigators observed spatial retention profiles 
that deviated substantially from expectations based on simple first-order removal and 
attachment efficiencies could not be estimated. Other researchers have investigated the 
impact of CNT tube diameter
55
 and flow velocity
56
 on transport through quartz sand (and 
glass beads for flow velocity test) but these studies also did not focus on quantifying 
attachment efficiency. 
Prior studies of solution chemistry effects on O-MWCNT surface properties in 
water have primarily focused on homo-aggregation (see Chen et al. for a review
57
), with 
relatively few studies conducted in transport systems. The prior homo-aggregation work 
has revealed a major impact of pH and ionic strength that is qualitatively consistent with 
DLVO theory
21, 58
 as well as some important effects of calcium and natural organic 
matter (NOM). The effect of surface chemistry on the homo-aggregation of O-MWCNTs 
has also been studied.
21, 42
 For example, Hyung et al.
59
 reported that for any given mass 
of added MWCNT powder, the concentration of well-dispersed MWCNTs in solution 
increased systematically with concentration of Suwannee River natural organic matter 
(SRNOM). Prior work in our own laboratory
42
 has revealed that NOM concentrations as 
low as 0.5 mg of dissolved organic carbon (DOC) /L can significantly enhance the 
stability of O-MWCNT dispersions and that these effects occur even in the presence of 
Ca
2+
 and in a manner largely independent of O-MWCNT surface oxygen concentration. 
Although the effect of aquatic chemistry and surface chemistry on CNT homo-
aggregation has been widely reported,
25, 41, 42, 47, 48, 60-64
 such effects on CNT attachment to 




stabilized MWCNT and SWCNT dispersions through sand packed columns at varied KCl 
and CaCl2 concentrations and observed that substantial mass fractions CNTs passed 
through the column at KCl concentrations up to 1 mM and CaCl2 up to 0.1 mM. Jaisi et 
al.
52
 have reported that NOM presence can substantially decrease rates of SWCNT 
deposition onto quartz sand in the presence Ca
2+
. Yi et al.
43
 have studied deposition of 
MWCNTs with two different surface oxygen concentrations on quartz crystals, but did 
not study transport through packed columns. 
In the study reported herein, we focused on quantifying the impacts of surface and 
solution chemistry on O-MWCNT attachment efficiency with amorphous silica surfaces 
during transport through porous media. It is noteworthy that our own focus was on 
relative alpha values as a reflection of the effects of aquatic chemistry and O-MWCNT 
surface chemistry, for a consistently reproducible media surface. In order to accurately 
measure attachment efficiencies in the absence of substantial straining effects, we used a 
well-defined system of uniformly sized spherical collectors and, to ensure “clean-bed” 
filtration conditions, we used very small input masses of CNTs. To enhance experimental 
reproducibility, we used rigorous and standardized methods of media cleaning. Studies 
were conducted on O-MWCNTs with five different oxygen contents in varied solution 
chemistry.  Solution chemistry variables included ionic strength, pH, type of cations in 
the feed solution (sodium or calcium), and concentration of SRNOM.  
3.2 Experimental Methods 
3.2.1 Surface Oxidation of MWCNTs 
Non-functionalized MWCNTs with diameters of 15 ± 5 nm and lengths of 1 - 5 
µm were purchased from NanoLabs, Inc., who report 95% carbon purity with < 5% metal 
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content according to thermo-gravimetric analysis.  (Such non-modified MWCNTs have 
sometimes been referred to as “pristine” MWCNTs in prior literature.)  Oxidized 
MWCNTs (O-MWCNTs) were then prepared by refluxing the purchased materials in 
various acids using methods that have been described in detail elsewhere.
21
  In our 
research, the conditions used were refluxing in HNO3-water solutions at three different 
w/w concentrations (15%, 18%, and 53%) at 140 ºC for 1.5 h and refluxing in a 3:1 
mixture of concentrated sulfuric and nitric acids at 70 ºC for 8 h.
21
 We were thus able to 
create four O-MWCNT materials with different concentrations of oxygen-containing 
functional groups grafted onto the MWCNT surface. The resulting O-MWCNTs were 
subjected to an additional base purification process described elsewhere
65
 to help remove 
amorphous carbon on the surface of the O-MWCNTs.  
3.2.2 Characterization of O-MWCNTs 
The length distribution of O-MWCNTs created by the methods described above 
has been characterized and reported in prior publications from our laboratory.
21, 66
 Results 
showed that the length distribution of O-MWCNTs were independent of the O-
MWCNTs’ surface oxygen concentration.
21, 66
 The total oxygen concentrations and 
distributions of oxygen functional groups present on the surfaces of the specific O-
MWCNTs used in this work were determined using X-ray photoelectron spectroscopy 
(XPS) (PHI 5400 system) in conjunction with chemical derivatization methods for 
quantification of functional group concentrations.
67, 68
 Table 3.1 shows the total atomic 
oxygen concentrations of the studied O-MWCNTs (reported as % of XPS-accessed 
surface atoms). For the majority of the O-MWCNTs used, the percentages of surface 
oxygen atoms associated with different functional groups are also shown, as calculated 
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by the method of Wepasnick et al.
69
 The total surface oxygen measured for O-MWCNTs 
treated with 15% HNO3, 18% HNO3, and 53% HNO3 were 3.1%, 5.1%, and 7.1%, 
respectively; O-MWCNTs treated using a 3:1 mixture of concentrated H2SO4 and HNO3 
had the highest concentration at 11.5%. For the materials oxidized at JHU, concentrations 
of the carboxylate functional group (COO
-
) also increased monotonically with % oxygen 
(Table 3.1). In addition to O-MWCNTs prepared at JHU, we also studied MWCNTs that 
had been oxidized (using 3:1 H2SO4 and HNO3) by the commercial supplier (NanoLabs, 
Inc.).  The purchased O-MWCNTs were also washed before use, using the previously 
described cleaning procedure to help reduce amorphous carbon.
65
 The purchased O-
MWCNTs exhibit total surface atomic concentration of 8.3%. 
Table 3.1. Surface oxygen concentrations and oxide distribution of O-MWCNTs 
Treatment 
method 
OT% OCOOH% OC=O% OOH% Oothers% 
10% HNO3 3.0 1.5 0.6 0.8 0.1 
18% HNO3 5.1 2.0 2.9 0.6 -0.5 
53% HNO3 7.1 2.8 1.1 0.7 2.6 
3:1 concentrated 
H2SO4/HNO3 
11.5 3.3 1.3 1.5 5.4 
Purchased from 
Nanolab
 a 8.3 3.8 1.2 0.6 2.7 
a
 O-MWCNTs purchased from Nanolab were thoroughly cleaned using the same acid-




3.2.3 Preparation of O-MWCNT Dispersion 
Suspensions of well-dispersed O-MWCNTs were prepared by adding a small 
amount of MWCNTs (~ 4 mg) to 200 mL of de-ionized (DI) water and sonicating at low 
energy (70 W, Branson 1510) for 20 hours. For MWCNTs that had low surface oxygen 
concentrations (i.e., ≤ 5.1%), it was necessary to increase the pH to above 9 to maintain a 
stable stock suspension. After sonication, the suspension was centrifuged at 1000 rpm for 
5 minutes to remove any bundled O-MWCNTs that were not taken up into suspension. 
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The centrifugation also removed glass particles etched from the wall of the flask during 
sonication. The centrifuged suspension was then transferred to a clean glass bottle and 
sonicated for another 5 min to further disperse any bundled O-MWCNTs that may have 
remained after the prior steps.  
The hydrodynamic diameters of the O-MWCNTs in our prepared stock solutions 
(as measured by Dynamic Light Scattering, DLS) were roughly 140 nm, which is 
quantitatively similar to the 150 ± 40 nm values observed by Smith et al.
21
 who studied 
similarly prepared samples using both DLS and TEM and AFM analysis.  These authors 
conducted their TEM analyses on samples that were carefully prepared by placing a drop 
of their dilute dispersed MWCNT water suspension on a holey-carbon TEM grid.  
Results were taken as evidence for the existence of individually dispersed nanoparticles 
in solution.
21
 Prior to use in transport experiments, these well-dispersed stock 
suspensions were further diluted with DI water to a concentration of ~2.0 mg/L and 
adjusted to the designated pH of the transport experiment using either NaOH (for pH 10) 
or HCl (for pH 4). The final O-MWCNT concentration in a given suspension was 
determined by measuring its UV-Vis absorbance at 270 nm. Control studies showed good 
linear relationships (R
2
 > 0.998) between absorbance at 270 nm and mass concentrations 
for the O-MWCNTs used this study – see Table 3.2. Our previous studies have shown 
that this approach creates a suite of O-MWCNTs which exhibit similar physical 






Table 3.2. Linear regression parameters (extinction coefficients and R
2
 values) of 
























3.0 0.065 0.998 N/A N/A 
5.1 0.116 0.999 0.034 0.998 
7.1 0.072 0.998 0.021 0.999 
8.3 0.098 0.999 0.031 0.998 
11.5 0.074 0.999 N/A N/A 
a. λ is the wavelength used in detecting MWCNT  dispersion absorbance with UV-Vis. 
b. ε is the extinction coefficient of MWCNT at corresponding wavelengths based on 
Beer’s law. 
 
3.2.4 Preparation of Suwannee River Natural Organic Matter (SRNOM) 
SRNOM was purchased from the International Humic Substances Society. After 
dissolution into DI water the SRNOM was passed through a 0.22 μm polyethersulfone 
filter (EMD Millipore Corporation). The filtered stock solution was analyzed for total 
organic carbon content (Dohrmann 8000).  This stock solution was subsequently diluted 
for calibration of DOC against UV absorbance at 254 nm and for preparation of various 
column feed solutions containing SRNOM concentrations between 0 and 4.1 mg DOC/L. 
3.2.5 Preparation of Glass Beads  
Soda lime glass spheres (0.355 - 0.425 mm, MO-SCI Corporation) were used as 
model collectors in transport experiments. Preliminary work showed that it was not 
possible to obtain consistent and accurate results unless the glass beads were pre-treated 
by a standardized process that involved multiple well-defined sonication steps, including 
not only the initial treatment (prior to drying for later use) but also again under more 
rigorous conditions immediately prior to use.  
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The initial preparation of glass beads involved sonication in mild base (0.1 M 
NaOH) for 20 minutes (for removal of anionic organic polymers), decantation, sonication 
in acid (1 M HNO3) for 20 minutes (for removal of acid-soluble metal oxides), 
decantation, and final rinse with DI water until the resistance of the supernatant was 
higher than 0.5 MΩ. Beads were then dried at 70 ºC and stored under dry conditions until 
use.
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 This initial preparation of glass beads is referred to as “initial cleaning procedure” 
hereafter.  For the studies presented in this manuscript, all columns were prepared using a 
wet-pack approach for which the beads were also subjected to a second cleaning step 
immediately prior to packing. To prepare a column, fixed and precisely measured 
quantities of initially cleaned beads (39.5 g for short columns (5.2 cm) and 79.5 g for 
long columns (10.2 cm)) were weighed out and again sonicated in the base and acid 
solutions described above for 20 minutes each, followed by sonication in DI water in 5 
minute cycles no less than 12 times. After treatment the beads were kept saturated at all 
times before and during the column packing process. 
This second cleaning step and a wet-pack approach were found to be necessary to 
achieve reproducible results in O-MWCNT transport experiments. Preliminary work 
showed that if these additional preparation steps were not taken, the observed results 
were many times less precise than the experiments reported in our paper.  Such 
imprecision was evident as pronounced variability in either (1) plateau heights for 
experiments with “step-change” in CNT input concentrations (i.e., those using a heavy-
side function for input concentration); or (2) mass recoveries for experiments with pulse 
inputs of O-MWCNTs (i.e., those using a dirac function for input concentration).  We 
speculatively attribute such variability to the presence of varying amounts of fine 
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particulate material (silica and minor metal oxide particulates) and/or fine bubbles of air 
on the glass bead surfaces. This speculation has been at least qualitatively confirmed by 
Energy Dispersive X-ray (EDX) analysis of particles observed in the wash (rinse) water 
following sonication of the pre-treated glass beads.  These analyses were conducted by 
Dr. Ken Livi (Director of the High-Resolution Analytical Electron Microbeam Facility of 
the Integrated Imaging Center at Johns Hopkins University) using a Philips CM 300 field 
emission gun TEM operating at 297 kV.  Images were collected using a CCD camera 
mounted on a GIF 200 electron energy loss spectrometer.  Samples chosen for imaging 
included both the uncentrifuged wash water and, for purposes of evaluating the potential 
influence of vacuum-induced precipitates, supernatant of the same water following 
centrifugation.  (No evidence for such a confounding influence was observed.)  
Figure 3.1 is an example image from the TEM analysis, showing some selected 
particles for EDX evaluation.  Particles chosen for evaluation were based on visual clues 
of common morphology, with focus on those samples that dominated the fields of view. 
The image shown in Figure 3.1 and other TEM images revealed that materials separated 
from the glass beads surface during the sonication process consisted primarily of silicon 
dioxide with variable amounts of Ca, Mg, and Na, together with lower quantities of other 
materials, primarily comprising magnesium silicates, and iron and lead oxides. With the 
exception of the lead, these materials were all expected based on the composition of the 
soda-lime glass beads that had been reported by the supplier (MO-SCI Corporation):  
65~75% SiO2, 0~5% Al2O3, 6~15% CaO, 1~5% MgO, 10~20% Na2O and < 0.8% 
Fe2O3.)  It is unclear whether the non-silica particles originated from either (a) dissolution 
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of surface impurities followed by re-precipitation upon drying or (b) dislodgement or 
 
“breaking off” of small attached particles from the “as-received” glass beads. It is also 
unclear as whether the quantities of such impurities on the glass surfaces were fully 
eliminated by cleaning or whether they were merely “standardized” by the process. As 
noted in the primary manuscript, however, this cleaning treatment is known to have 
Figure 3.1. TEM image of unprocessed wash water from sonication of glass beads in 
DI water for one hour. EDX 01 is silica glass (similar to the expected glass bead 
composition).  EDX 02 and 03 are poorly crystalline or amorphous magnesium 
silicate sheets, and EDX 04 is crystalline iron oxide.  Particles similar to EDX 01 
represented the majority of the material observed in the TEM images. 
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contributed substantially to improvements in experimental reproducibility and, as also 
noted in the manuscript, achieving such reproducibility was our primary aim.  In 
particular, we sought to create a reproducible media surface such that the relative alpha 
values among the various experimental runs could be safely interpreted as a reflection of 
only the effects of aquatic chemistry and O-MWCNT surface chemistry. 
3.2.6 Preliminary Study of Cleaning Effects on Reproducibility 
The selection of the final bead cleaning approach described above was based on 
comparative results of transport experiments conducted with 7.1% O-MWCNTs and 
using six different cleaning procedures for the glass beads.  The six different cleaning 
procedures are described in the caption to Figure 3.2.  For all six methods, the glass 
beads had been subjected previously to the initial cleaning and drying procedure 
described in the prior section prior to the final cleaning and wet packing of beds. Table 
3.3 and Figure 3.2 show the attachment efficiencies obtained from these experiments, 
which were conducted under identical aquatic conditions and flow velocities. The results 
show that both base/acid wash and subsequent water wash were imperative to obtain 
reproducible results, and that a more diluted NaOH solution was not able to clean the 
beads as effectively as the more concentrated solution. As shown in Figure 3.2 and 
Table 3.3, results obtained using procedure 1, where no further treatment of glass beads 
had been performed after initial cleaning, were comparatively irreproducible. In 
particular, the results obtained under these less rigorous cleaning conditions suggested an 
average α value of approximately 0.36 which was relatively high in comparison to that 
finally obtained with more reproducible methods (α = 0.15) and with a comparatively 
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high uncertainty (±0.06). Similarly high α values with large uncertainties (0.38 ± 0.06, 
0.36 ± 0.12) were obtained when glass beads were treated by Method 2 (sonication in  
 
 
water for 60 min) or Method 3 (sonication in a more dilute base solution of 0.01 M 
NaOH). The obtained α values decreased when sonication was in a more concentrated 
base solution (0.1 M NaOH) (Method 4), but this method still had a relatively high 
Figure 3.2. Effect of pre-packing treatment for glass beads on the magnitude and 
precision of attachment efficiency. Results shown were obtained from 7.1% O-
MWCNT break through experiments conducted under the same experimental 
condition (column length = 10.2 cm, IS = 10.0 mM, pH = 5.8 ± 0.2). The 
treatment methods used were as followed: (1) no treatment before packing; (2) 
sonication in water for 60 min; (3) sonication in 0.01 M NaOH for 20 min, and 
then 1.0 M HNO3 for 20min; (4) sonication in 0.1 M NaOH for 20 min, and then 
1.0 M HNO3 for 20 min; (5) sonication in 0.1 M NaOH for 20 min, 1.0 M HNO3 
for 20 min; and then water for 60 min; (6) sonication in 0.1 M NaOH for 20 min, 
1.0 M HNO3 for 20 min; 0.1 M NaOH again for 20 min, 1.0 M HNO3 again for 
20 min; and then water for 60 min. 
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uncertainty (0.19 ± 0.05) in comparison to methods 5 and 6, which were found to yield 
statistically equivalent results and with similarly small standard deviation (0.14 ± 0.02 
and 0.13 ± 0.02, respectively).  Both of these methods included a final sonication 
treatment in DI water and Method 6 also included a second sonication in base solution 
prior to the final DI treatment.  The more aggressive treatment of method 6 was deemed 
to be unjustified based on the similarity of results with Method 5, which was selected and 
applied for routine use in this study. 
Table 3.3. Attachment efficiencies of O-MWCNT transport through glass beads treated 











the “initial cleaning procedure” described in the SI text and are identified as follows: 
(1) no additional treatment before packing; 
(2) sonication in water for 60 min; 
(3) sonication in 0.01 M NaOH for 20 min, and then 1.0 M HNO3 for 20min; 
(4) sonication in 0.1 M NaOH for 20 min, and then 1.0 M HNO3 for 20 min; 
(5) sonication in 0.1 M NaOH for 20 min, 1.0 M HNO3 for 20 min; and then water 
for 60 min; 
(6) sonication in 0.1 M NaOH for 20 min, 1.0 M HNO3 for 20 min; 0.1 M NaOH 
again for 20 min, 1.0 M HNO3 again for 20 min; and then water for 60 min. 
 
3.2.7 Wet Packing of the Columns 
Final column packing and preparation of the columns was by means of a wet-pack 
method that was designed to avoid introducing air bubbles into the porous media. To 
build a column, the initial step was to vertically mount the column shell (a hollow quartz-
walled cylinder of 25 mm inner diameter, 28 mm outer diameter and 100 or 150 mm 
Treatment Method 
a 
for Glass Beads  
Replicates 
1 2 3 
1 0.47 0.33 0.29 
2 0.31 0.49 0.34 
3 0.59 0.25 0.23 
4 0.24 0.09 0.26 
5 0.13 0.17 0.12 
6 0.15 0.11  
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length), onto a stand. A silicone stopper (into which a length of silicone tubing had been 
previously inserted through its center) was then attached to the bottom of cylinder. The 
silicone tubing was clamped shut below the stopper, and the column was then filled with 
DI water. After expelling all of the air bubbles from the tubing and the exposed upper 
edge of the stopper by draining and pipetting, a water-saturated stainless steel mesh 
screen was dropped onto the stopper to ensure that all of the beads remained within the 
column. The previously hydrated and sonicated glass beads were then slowly added into 
the cylinder through the open top, making sure that the water level was always higher  
 
than the level of glass beads. During the filling process, the column was frequently 
tapped to ensure tight packing of the glass beads. Once the column had been filled with 
beads it was sealed at the top with another stainless steel screen and another silicone 
stopper with pre-inserted silicone tubing. A steel template/scaffold was used to ensure 
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= 0.3 mm) 
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that the length of the column remained exactly the same among all of the short or long 
columns used, with the lengths set to ensure that the porosity of the column was constant 
at 0.38, as calculated from the known volume of beads and inner diameter of the column. 
The pore volume of the packed columns was thus maintained at 9.73 cm
3
 for short (5.2 
cm) columns and 18.67 cm
3
 for long (10.2 cm) columns. A schematic of the columns is 
provided as Figure 3.3. 
3.2.8 Transport Experiments 
A dual-pump system was used for transport experiments (Figure 3.4). Two feed 
solutions, one containing DI water (“DI line”) and the other containing a sodium chloride 
or calcium chloride background electrolyte solution (“electrolyte line”) were used. For 
most experiments these solutions were equilibrated with the ambient atmosphere without 
further pH adjustment (pH = 5.8 ± 0.2), although some solutions were adjusted with  
 
Figure 3.4. Dual-pump column filtration system with in-line mixer, column, and UV-
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addition of 1.0 M HCl or 1.0 M NaOH to represent acidic (pH = 4.0 ± 0.2) or basic (pH = 
10.0 ± 0.2) conditions, respectively. Buffers were avoided to eliminate their possible 
effects on O-MWCNT attachment efficiency. DI and electrolyte solutions were pumped 
at constant flow rate (each at 3.5 mL/min) by two peristaltic pumps operating in parallel. 
Immediately prior to the column inlet, these lines were combined in a custom-built 
Teflon
®
 in-line mixing chamber of <1 mL internal volume that contains a tiny Teflon 
coated stir bar.  Before each experiment, the column was conditioned first with DI water 
and then with background electrolyte, each for > 20 pore volumes. For experiments 
involving NOM both DI and electrolyte lines included a predetermined concentration of 
SRNOM. 
To introduce O-MWCNTs into the feed solution we used a pulse-input approach. 
Relative to a step feed, pulse-inputs use a much smaller total mass of O-MWCNT 
particles so that conditions of clean bed filtration can be more easily maintained. During 
the pulse-input experiment a 0.6 mL pulse of O-MWCNT dispersion at a concentration of 
~2.0 mg/L was injected into the DI line through an injection loop (Figure 3.4). The 
injection loop approach eliminates unwanted pressure spikes that can sometimes occur 
with syringe injections. O-MWCNT dispersions at the appropriate pH and NOM 
concentrations were then added into the DI line (as opposed to the electrolyte line) to 
minimize any aggregation or deposition prior to entering the column. Mixing of the DI 
and electrolyte lines occurred immediately prior to solution upflow through the column. 
For selected columns, separate runs were conducted using pulses of sodium nitrate for an 
independent measurement of a column’s residence time distribution and hydraulic 
dispersivity.  
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To measure O-MWCNT concentrations in the column effluent, UV absorbance 
(at λ = 270 nm for O-MWCNTs and 302 nm for NaNO3 tracer) was measured in real time 
as the effluent passed through a 5-cm path-length flow-through quartz cell (Starna Cells, 
Inc.) as shown in Figure 3.4. The advantage of the long-path-length cuvette (internal  
 
volume  1.2 mL) is that O-MWCNT concentration can be more accurately measured at 
lower and more environmentally relevant concentrations (< 0.25 ppb). For experiments 
involving SRNOM, effluent concentrations of O-MWCNTs were quantified by 
Figure 3.5. UV-Vis spectra of solutions containing 2.0 mg/L O-MWCNTs in water 
(red dashed line), 4.2 mg DOC/L NOM (blue dash-dot line) and 2.0 mg/L O-MWCNTs 
plus 4.2 mg DOC/L NOM (solid black line). The inset shows the region between 800-
900 nm where NOM does not has absorption. Most results in experiments were 
obtained at λ = 270 nm (with subtraction of the background absorption due to NOM). 
However, comparisons of results were also made at λ = 800 nm where there is no 
interference from NOM.  
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measuring absorption at 270 nm with subtraction of the constant background absorbance 
of NOM at this wavelength.  O-MWCNT concentration values in these experiments were 
also verified using absorbance at 800 nm, where SRNOM does not absorb (Figure 3.5). 
Absorbance at 270 nm was used for subsequent calculation due to the higher sensitivity 
of UV response to concentration changes at this wavelength. The pH of the effluent was 
also closely monitored (Accumet Engineering Corp.) in all column experiments to ensure 
that it remained constant. 
Prior to each O-MWCNT transport experiment, two preliminary control runs were 
conducted using the same initial mass of injected O-MWCNTs. The first of these control 
tests involved a “bypass” run (i.e., at the designated IS but with all flow bypassing the 
column; Figure 3.4) in order to independently verify the injected mass. The mass 
estimates from these bypass runs were used to represent injected mass in subsequent data 
analysis.  This mass was also used to calculate the “characteristic” concentration (C0) for  
Table 3.4. Deposition rate coefficients and mass balance obtained from columns 



















7 0.0013 0.0011 103.4 91.2 
20 0.0094 0.0089 102.1 66.2 
50 0.013 0.011 103.1 48.7 
150 0.023 0.022 101.4 32.6 
500 0.023 0.024 105.1 29.0 
*kd for a specific transport experiment was obtained by fitting the breakthrough curve 
using equation 2 (method 1) or by analyzing the percentage recovery of the breakthrough 
curve using equation 3. 
 
normalization of column effluent concentrations. The second control test involved the 
removal of all electrolytes from the feed lines in order to confirm that the measured mass 
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recovered during DI water transport was reproducible and similar to that measured by the 
accompanying column bypass experiment. Mass recovery relative to by-pass was 
excellent (100% ± 5%;Table 3.4), thus confirming that we could reproducibly measure  
= 0 under conditions unfavorable to attachment. 
3.2.9 Quantitative Analysis of Column Effluent Data 
As confirmed through subsequent experiments conducted using step inputs and 
evaluation of spatial distributions of O-MWCNTs in our columns as described in 
Chapter 5, our transport experiments were characterized by good penetration of O-
MWCNTs through-out the column depth. Although detailed numerical evaluation of the 
spatial concentration data is beyond the scope of the present chapter (and the subject of 
on-going analysis), our preliminary results are sufficient to show that the majority of 
CNT removal can be well-characterized by irreversible first-order removal – see Chapter 
5 for details. 
With the above as justification and also given good fits of model simulations to 
observed O-MWCNT concentration data (further described in Chapter 5), our 
quantitative interpretation of transport results was based on an assumption of first-order 
irreversible deposition, as appropriate for clean-bed filtration in the absence of straining. 
More specifically, we applied the following one dimensional advection-dispersion 
equation 
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 toward the estimation of kd, a first-order coefficient for irreversible loss of O-




























where C(x, t) [M/L
3
] is aqueous O-MWCNT concentration at position x within the 
column [L] and time t [T], D is the hydrodynamic dispersion coefficient [L
2
/T]; vp is the 
pore water velocity in the x direction [L/T], and kd is the deposition rate coefficient [T
-1
] 
for irreversible first-order loss from the pore water. The solution of Eq. 3.1 for a column 






where C0 is a characteristic concentration defined as M0/Vpore, [M/L
3
], M0 is the mass 
recovery from the bypass experiment [M], Vpore is the aqueous pore volume within the 
column [L
3
], τ is the mean hydraulic retention time (τ = Vpore/Q, [T], where Q is the 
volumetric flow rate of the feed solution [L
3
/T]), and L is the column length [L]. For a 
pulse-input method kd can be calculated from the fraction of O-MWCNTs that are 
recovered, as follows:  
  
Eq. 3.3 
The deposition rate coefficient, kd, reaches a constant maximum value, kd, fast, at 
high IS. We estimate this value from experiments conducted at the highest IS. The 
attachment efficiency α for all other runs can then be calculated using Eq. 3.4: 
  
Eq. 3.4 
Note that the value used for τ does not affect the result so long as it is constant 





















































As an alternate approach, kd can also be obtained by fitting Eq. 3.2 to the effluent 
concentration data using independent estimates of L, vp and D from prior analysis of 
tracer data.  The mass recovery method of Eq. 3.3 was used for the subsequently reported 
results; however, we applied both methods of determining kd to five columns that 
represented a wide range of kd values (Table 3.4).  In all cases, the fits of the model to the 
data were generally good (data not shown) and, more importantly, the fitted results were 
approximately equivalent to those obtained on the basis of mass recovery (Table 3.4). 
A plot of attachment efficiency () versus electrolyte concentration on a log-log 
scale creates an “attachment efficiency curve” and the concentration at which  
approaches 1.0 is commonly referred to as the critical deposition concentration (CDC).  










and b is a fitted coefficient equal to the slope of the log-log curve in the reaction limited 
regime, where Celctrolyte << CDC. 
3.3 Results and Discussion 
3.3.1 Importance of Appropriately Preparing Porous Media 
As previously described, preliminary studies revealed that extensive and 
standardized methods of glass bead cleaning and packing were required to obtain 
reproducible column transport data. We hypothesize that this was because the ultrasonic 








surfaces, significantly improving the homogeneity of the surface. The presence of 
colloidal silica in the bead cleaning solution was confirmed using Energy Dispersive X-
Ray (EDX) on particle types that were most commonly observed in the wash solution, as 
determined by visual observation of Transmission Electron Microscopy (TEM) images 
(Figure 3.1).  
3.3.2 O-MWCNT Transport in the Absence of Deposition 
The O-MWCNT transport experiments in DI water exhibited similar shape and 
average residence time as the NaNO3 tracer (see Figure 3.6). On the basis of the 100% 
recovery of O-MWCNTs in DI water and identical values of τ to those determined from 
tracer studies, we conclude that straining is negligible under the transport conditions  
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tested – i.e., at low concentrations of well-dispersed O-MWCNTs and with the relatively 
uniform glass bead media. Absence of straining has also been observed by others 
studying CNT transport in well cleaned sands
56, 64, 74-76
 but other investigators studying 
some quartz sands and soils have observed CNT retention at zero or low concentrations 
of background electrolyte and have attributed these observations to straining.
52-55
 Clearly, 
the nature of the media is a critical factor that can control the relative importance of 
straining toward CNT transport. 
Figure 3.6. Breakthrough curves of 7.1% O-MWCNTs passing through 5.2 cm 
length columns at pH 5.8 ± 0.2, plotted as a function of NaCl concentration. The 
normalized concentration is determined as C/C0, where C0 is as defined in the text. 
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3.3.3 Evaluation of O-MWCNT Aggregation during Transport 
To evaluate possible in-column aggregation effects, we conducted a series of 
control experiments with varying masses of injected O –MWCNTs (7.1% O) at two 
conditions of aquatic chemistry: (a) 5.0 mM NaCl at pH 4.0 and (b) 40 mM NaCl at pH 
5.8 ± 0.2. The mass range used (1.2 to 12.9 μg O-MWCNTs) was chosen to provide a 10 
fold range that included (at the lowest mass) the 1.2 μg mass value used in most 
experiments.  These two aqueous conditions were chosen to obtain attachment 
efficiencies of about 0.5 to 0.7, where the α value should be most sensitive to any change 
of O-MWCNTs condition. Our assumption was that if there was any aggregation and/or 
straining occurring within the porous media, input concentrations would affect the 
fractional rate of deposition (i.e., kd) and therefore . Beside these experiments, particle 
size increase profile of 5.1% O-MWCNTs at pH 5.8 ± 0.2 were also tested.  
Results from evaluation with varying mass (Figure 3.7) revealed that, within a 
95% confidence interval the calculated attachment efficiency for 7.1% O-MWCNTs at 
pH 5.8 and pH 4.0 remained constant even as injected mass increased by over 10-fold. 
The aggregation profile of 7.1% O-MWCNT at pH 5.8 and pH 4.0, 3.0% O-MWCNT at 





7.1% O-MWCNTs increased from ~140 nm to ~240 nm during the retention time 
for column with length of 5.2 cm (83.4 s) and increased from ~140 nm to ~300 nm during 
the retention time for column with length of 10.2 cm (163.6 s). The potentially doubled 
Figure 3.8. Aggregation profile of (a) 7.1% O-MWCNTs at pH 5.8 ± 0.2, (b) 7.1% O-
MWCNTs at pH 4.0 ± 0.2, and (c) 3.0% O-MWCNTs at pH 5.8 ± 0.2 under varied 
NaCl concentrations as indicated by legends at the unit of mM. The aggregation 
profiles were obtained following method described in Smith et al.
1
 All experiments 
were conducted under pH 6.0 ± 0.2 with O-MWCNT concentration of 0.8 mg/L. 
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Figure 3.7. Change in attachment efficiency as a function of injected particle 
concentration for O-MWCNTs with total oxygen concentration of 7.1% at (a) pH 4.0 
and 5.0 mM NaCl, and (b) pH 5.8 and 40 mM NaCl. 
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particle size did not to have a significant effect on their deposition onto the collectors. 
Considering the results shown in both Figure 3.7 and Figure 3.8– and although the 
results are less precise at pH 4.0 than 5.8 (Figure 3.7) – we conclude that the effects of 
homo-aggregation and straining of O-MWCNTs is not substantial under either condition 
during the full time periods of transport. 
Although the mass injection tests at 0.5< < 0.7 do not confirm the complete 
absence of aggregation (and perhaps straining) where  values are higher, these results 
provide important assurance that aggregation and straining are not confounding the 
results in column experiments for 7.1% O-MWCNTs at the tested  values and below. 
This is significant because results under these conditions might be viewed as the principle 
evidence for subsequent conclusions about the impacts of pH, ionic strength, calcium and 
NOM. Moreover, these results, in combination with our independently conducted homo-
aggregation studies (Figure 3.8), also serve as evidence against significant effect of 
aggregation and straining for other experiments at similar and lower -value. This is 
certainly true for cases with O-MWCTs of higher surface oxygen content, since more 
highly oxidized O-MWCNTs are more stable against aggregation. 
3.3.4 Effect of IS 
The effects of IS on O-MWCNT transport are consistent with tenets of Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory and prior results observed by others.
52, 53, 64
 In 
particular, the fractional mass recovery of O-MWCNTs in column effluent decreased 
systematically with increasing NaCl concentration down to a minimum value as the IS 
approached the CDC (≈ 150mM NaCl in Figure 3.6 for example). Fractional removals 
and computed attachment efficiencies for these and all other reported experiments are 
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provided in Table 3.5 – Table 3.7. Above the CDC this minimum fractional mass 
recovery was constant to within experimental error (± 5% of C/C0) as the NaCl 
concentration continued to increase.  This minimum fractional recovery (maximum 
removal) corresponds to a maximum rate of O-MWCNT deposition in the regime where 
attachment is favorable ( =1) and fractional rates of deposition are controlled only by 
physical processes of diffusion and mass transfer. This is more clearly evident when data 
are interpreted in terms of attachment efficiency as shown in Figure 3.9 for different O-
MWCNTs over a range of different pH values.  In this figure, the open triangles in panel 
(b) are derived from the transport effluent data shown in Figure 3.6 (7.1% O-MWCNTs 
at pH 5.8). Within the unfavorable (below CDC) regime, Figure 3.9 shows that a 10-fold 
increase in IS resulted in at least 5-fold increases in  for all MWCNTs tested. This 
observation is different from that of Jasi et al.
52
, who observed that a 10-fold increase in 
the ionic strength produced only a 2-fold increase in within the unfavorable deposition 
regime. We believe that this difference can be ascribed to the presence of straining in the 
results of Jasi et al. and to the fact that straining should be comparatively insensitive to 
the effects of ionic strength. We also observed that results for 3.0% O-MWCNTs at lower 
pH have greater uncertainty than other data in regard to the ionic strength required to 
obtain given -- see Figure 3.9(a).  The cause of this uncertainty is unknown, but may 
relate to greater variability among samples at this lower oxidation extent.  
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Table 3.5. Fractional mass removals and associated α values for transport of O-
MWCNTs through silica beads at varied pH and NaCl concentrations. (To be continued 














pH 5.8, column length = 5.2 cm pH 5.8, column length = 10.2 cm 
5.0 64% 0.23 1.0 90% 0.04 
7.0 74% 0.23 2.0 88% 0.05 
10.0 73% 0.24 4.0 75% 0.12 
12.5 55% 0.45 750.0 9% 1.00 
15.0 53% 0.48 pH 10.0, column length = 10.2 cm 
25.0 49% 0.53 5.0 91%, 87% 0.05, 0.07 
30.0 40% 0.70 10.0 76%, 75% 0.14, 0.15 
40.0 49% 0.53 20.0 72%, 70% 0.16, 0.19 
50.0 47% 0.57 50 66%, 62% 0.21, 0.24 
60.0 48% 0.55 75 40% 0.46 
80.0 40% 0.69 100 45% 0.41 
100.0 34% 0.81 150 29% 0.64 
200.0 31% 0.89 300 18% 0.87 
500.0 25% 1.05 500 15% 0.96 














pH 5.8, column length = 5.2 cm pH 5.8, column length = 10.2 cm 
7.0 91% 0.07 5.0 92% 0.03 
10.0 85% 0.13 7.0 84% 0.07 
20.0 66% 0.33 10.0 77% 0.10 
25.0 76% 0.22 20.0 48% 0.27 
30.0 35% 0.84 60.0 11% 0.82 
30.0 66% 0.34 200.0 7% 1.00 
40.0 45% 0.64 500.0 7% 0.99 
50.0 49% 0.58 pH 10.0, column length = 10.2 cm 
100.0 34% 0.87 20.0 94% 0.02 
150.0 33% 0.91 30.0 89% 0.04 
500.0 29% 1.00 30.0 91% 0.04 
pH 4.0, column length = 5.2 cm 35.0 90% 0.04 
1.0 75% 0.23 40.0 66% 0.16 
2.0 79% 0.19 45.0 66% 0.16 
3.5 44% 0.66 60.0 60% 0.19 
3.5 62% 0.39 80.0 46% 0.29 
5.0 47% 0.61 100.0 36% 0.38 
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 Table 3.5. (continued from previous page)  Fractional mass removals and associated α 
values for transport of O-MWCNTs through silica beads at varied pH and NaCl 













pH 4.0, column length = 5.2 cm pH 10.0, column length = 10.2 cm 
5.0 55% 0.48 150.0 29% 0.46 
7.0 36% 0.84 200.0 18% 0.63 
10.0 26% 1.09 350.0 13% 0.94 
10.0 28% 1.02 500 7% 1.00 
20.0 35% 0.84 700 7% 0.99 
30.0 30% 0.98 - - - 
100.0 39% 1.00 - - - 
11.5% O-MWCNTs 
pH 5.8, column length = 5.2 cm 
5.0 95% 0.03 100.0 49% 0.50 
10.0 86% 0.11 150.0 34% 0.74 
20.0 79% 0.16 200.0 33% 0.77 
40.0 66% 0.28 300.0 37% 0.69 
60.0 69% 0.26 500.0 21% 1.07 
80.0 56% 0.41 1000.0 26% 0.93 
Table 3.6. Fractional mass removals and associated α values for transport of O-
MWCNTs through silica beads at varied CaCl2 concentrations (pH = 5.8, column length 














0.7 87% 0.11 13.2 33% 0.90 
1.3 68% 0.32 40.0 25% 1.15 
2.6 53% 0.52 132.5 27% 1.08 
6.6 38% 0.78    
7.1% O-MWCNTs 










53.1 36%, 36% 0.92, 0.92 
2.6 57% 0.46 132.5 32% 0.92 
6.6 47%, 46% 0.68, 0.69 200.0 29% 1.00 
8.3% O-MWCNTs 
0.7 87% 0.11 13.2 31% 0.95 
1.3 71% 0.28 40.0 31% 0.95 
2.6 53% 0.52 132.5 31% 0.96 
6.6 34% 0.87 200.0 30% 0.98 
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Table 3.7. Fractional mass removals and associated α values for transport of O-
MWCNTs through silica beads in the presence of SRNOM (pH = 5.8 for all experiments) 




Fractional Mass Removals of O-MWCNTs and Associated α 
Values 













0.00 37%, 26% 
0.81, 
1.10 
27%, 27% 1.07, 
1.07 
35%, 33% 0.85, 
0.90 
0.02 56%, 54% 
0.48, 
0.49 
36%, 36% 0.84, 
0.84 
57%, 55% 0.47, 
0.49 
0.04 57%, 51% 
0.45, 
0.56 
52%, 44% 0.54, 
0.67 
59%, 54% 0.44, 
0.50 
0.06 N/A N/A 50% 0.57 N/A N/A 
0.08 N/A N/A 67% 0.33 N/A N/A 
0.16 74%, 70% 
0.24, 
0.29 
68%, 68% 0.31, 
0.32 
59%, 53% 0.43, 
0.51 
















































1.64 N/A N/A 
83%, 80% 0.15, 
0.18 
81%, 77% 0.17, 
0.21 
4.10 N/A N/A 
90%, 86% 0.09, 
0.12 









Table 3.7. (Continued form previous page) Fractional mass removals and associated α 
values for transport of O-MWCNTs through silica beads in the presence of SRNOM (pH 




Fractional Mass Removals of O-MWCNTs and Associated α 
Values 














0.00 35%, 31% 
0.85, 
0.95 
35%, 30% 0.85, 
0.98 
34%, 28% 0.89, 
1.05 







0.008 39%, 34% 
0.76, 
0.87 
29%, 24% 1.00, 
1.15 
38%, 34% 0.79, 
0.87 
0.02 41% 0.72 
36%, 32% 0.83, 
0.94 
37%, 34% 0.81, 
0.88 
0.04 N/A N/A 38% 0.80 43% 0.68 
0.16 47%, 46% 
0.62, 
0.64 
44%, 42% 0.66, 
0.70 
52%, 49% 0.53, 
0.59 

































1.64 N/A N/A 
54%, 50% 0.50, 
0.55 
66%, 66% 0.34, 
0.34 
4.10 N/A N/A 
81%, 81% 0.17, 
0.17 





0.00 N/A N/A 34% 0.88 49% 0.59 
0.33 N/A N/A 
75%, 67% 0.23, 
0.32 
85%, 80% 0.13, 
0.19 





3.3.5 Effect of pH 
Few researchers have systematically studied the effect of pH on MWCNT 
deposition.
75
 In this paper, the effect of pH on the transport of two different types of O-
MWCNTs (3.0% O and 7.1% O) was studied with NaCl as the electrolyte. As shown in 
Figure 3.9, the data reveal that CDC values for O-MWCNTs increased systematically 
with pH between 4.0 and 10.0 for both types of O-MWCNTs. All of the CDC curves 
could be well fit by Equation 4, yielding estimated CDC values for 3.0% O-MWCNTs of 
24.4 mM and 96.8 mM at pH 5.8 and 10.0, respectively.  CDC values for 7.1% O-
MWCNTs were 3.4 mM, 27.3 mM, and 134.4 mM at pH 4.0, 5.8 and 10.0, respectively.  
As with the previously described IS effects, these results are qualitatively consistent with 
DLVO theory.
32, 33, 39
 More specifically, reduced barriers to attachment with decreasing 
pH correspond to the fact that higher proton concentration in solution will lead to reduced 
surface charge on both the collectors (glass beads) and particles (O-MWCNTs) due to  
Figure 3.9. Critical deposition curves for O-MWCNTs with total oxygen 
concentrations of (a) 3.0% and (b) 7.1% measured at pH 10 (filled blue circles), pH 
5.8 (open red triangles), and pH 4 (filled black squares). 
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protonation of negatively charged functional groups – that is, principally carboxyl groups 
on the O-MWCNTs and silanol groups on the amorphous silica beads. The effect of pH 
on surface charge for the O-MWCNTs produced in our laboratories is well understood, as 
previously reported by Smith et al.
21, 66
– see Figure 2(a) in Ref 21 and Figure 5 in Ref 66 
These materials were very similar to those used in our research and were produced by 
identical methods.  Moreover, we also confirmed the presence of more negative surface 
charge at higher pH for one of our materials (7.1% O-MWCNTs) by means of zeta 
potential measurement -- see Figure 3.10. Unfortunately, however, direct quantitative 
testing of DLVO theory is not possible for O-MWCNTs owing to the complexities of 





3.3.6 Effect of Surface Oxygen on O-MWCNTs 
O-MWCNTs with different total surface oxygen concentrations were selected to 
investigate the effect that surface chemistry has on attachment efficiency during 
transport. NaCl and CaCl2 were both used separately as background electrolytes in these 
studies. For the NaCl based experiments, CDC curves for O-MWCNTs with 3.0% O, 
Figure 3.10. Zeta potential of 7.1% O-MWCNTs at varied pH and at the NaCl 
concentration of 1 mM. The zeta potential profile obtained for 7.1% O-MWCNTs is 
similar to those obtained in our previous studies
1
 using O-MWCNTs from the same 
supplier (Nanolab) and prepared with identical functionalization method. 
pH





















7.1% O and 11.5% O at pH 5.8 are shown in Figure 3.11(a). Fitting these stability curves 
to Equation 4 yielded CDC values of 24.4, 27.3 and 93.7 mM NaCl, respectively. As 
previously discussed in the context of Figure 3.9(a), data for 3.0% O-MWCNTs (Figure 
3.11 (a)) show greater uncertainty than do other data, perhaps because of greater 
variability among samples at this lower oxidation extent.  This may also partially explain 
observed overlap of -values among O-MWCNTs with 3.0% and 7.1% oxygen at higher 
NaCl concentrations (Figure 3.11 (a)), although aggregation and/or straining of either 
material could also be affecting results in this high  region.  In any case, however, the 
more heavily oxidized O-MWCNTs are clearly more stable towards attachment for 
conditions at  <0.6 where the possible influence of aggregation and straining can be 
reliably neglected. (See prior discussion of Figure 3.7). The data also reveal that CDC is 
clearly less sensitive to changes in surface oxygen content than to solution pH. This is not 
surprising in that pH has impacts on surface potential of both the O-MWCNTs and the 
collectors whereas changes in surface oxygen only affect the O-MWCNTs.  
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For experiments conducted with CaCl2 as background electrolyte, CDC curves for 
three O-MWCNTs are plotted in Figure 3.11(b). In contrast to the obvious effect of 
surface oxygen concentration on α in NaCl solution, almost no effect was observed in 
CaCl2 solution. Estimated CDC values for O-MWCNTs at 5.1% O, 7.1% O, and 8.3% O 
are almost identical at 2.5 mM, 3.0 mM, and 2.4 mM, respectively. As expected, these 
CDC values are all significantly smaller than those observed in NaCl due to the ability of 
the divalent calcium ions to more effectively screen the negative surface charges, thereby 




 based solutions for 
O-MWCNTs correspond to roughly 9 fold to 39 fold differences, which are substantially 
less than the 64-fold differences previously observed by Grolimund et al.
73
 for spherical 
carboxylate latex particles and naturally occurring particles during transport through soil. 
Although the observed difference from Grolimund et al. roughly followed expectations of 
the empirical Schulze-Hardy rule,
73
 we note that the Schulze-Hardy rule was developed 
Figure 3.11. Critical deposition curves of O-MWCNTs with varied surface oxygen 
concentration at pH 5.8 ± 0.2 in the presence of (a) NaCl and (b) CaCl2 as background 
electrolytes. 
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from homo-aggregation studies and not deposition. Moreover, in light of the relative 
complexity of O-MWCNT surface charge and morphology we would not necessarily 
expect these materials to follow this simple rule. More surprising to us was the lack of 
CDC dependence on O-MWCNT surface oxygen content when Ca
2+
 was present. Similar 
effects of independence of CNT – silica CDC to O-MWCNT surface charge in the 
presence of Ca
2+
 has also been observed by Yi et al. in their studies of O-MWCNT 
deposition onto quartz crystal using QCM-D.
43
 We follow those authors in suggesting 
that the existence of multiple Ca
2+
 binding energies with COO
-
 functional groups on O-
MWCNTs (e.g., mono-dentate or multi-dentate) could cause a relative insensitivity of 
CDC to O-MWCNT surface charge.
43
 Note that other authors have also discussed how 
Ca
2+








3.3.7 Effect of Natural Organic Matter (NOM) 
The results reported above suggest that O-MWCNTs’ attachment efficiencies 
with amorphous silica can be quite high in clean (organic free) water systems that are 
mildly brackish (NaCl > 30 mM) or with Ca
2+
 concentrations (> 5 mM) commonly found 
in groundwater environments.
79
 Also relevant, however, will be the background dissolved 
organic matter that is almost ubiquitously present in natural waters. In this regard, it is 
now widely understood that the presence of NOM can substantially increase particle 





The present investigation builds on the above noted prior work by providing a 
more quantitative estimate of fractional deposition rates of O-MWCNTs to amorphous 
silica under conditions of varying NOM concentration. This was done under carefully 
controlled conditions of pH and IS using both sodium and calcium chloride as 
background electrolyte. By determining the deposition rate coefficient, kd, in the presence 
of a known concentration of SRNOM and taking the ratio of this value to the previously 
Figure 3.12. Breakthrough curves of 7.1% O-MWCNTs passing through 5.2 
cm long columns at 10 mM CaCl2 and pH 5.8 ± 0.2, plotted as a function of 
SRNOM concentration (mg DOC/L). The dashed line shows a breakthrough 
curve of O-MWCNTs (SRNOM was present at 0.82 mg DOC/L for this 
experiment.) in the absence of any added background electrolyte. The 
normalized concentration is determined as C/C0, where C0 is as defined in the 
text. 
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calculated kd, fast (i.e., at the highest Na
+
 (500 mM) or Ca
2+
 (132 mM) but in the absence 
of SRNOM), our work provides a first quantitative metric regarding the effect of 
SRNOM on α for different types of O-MWCNTs. 
 
As expected, SRNOM was observed to facilitate the transport of O-MWCNTs 
through glass beads for all three O-MWCNTs studied. Selected (typical) column effluent 
data for one of the three materials are shown in Figure 3.12. These results were obtained 
with 7.1% O-MWCNTs at pH 5.8 and 10 mM CaCl2 over a range of SRNOM 
concentrations (0 – 4.1 mg DOC/L). Also shown for comparison is the O-MWCNT curve 
obtained at 0.0 IS and a fixed SRNOM concentration of 0.84 mg DOC/L (dashed line). 
The 0.0 IS curve is provided for purposes of comparison as a control that has 100% mass 
recovery ( =0). The α values obtained through experiments of this type for two O-
MWCNTs are plotted as a function of SRNOM concentration (mg DOC/L) in Figure 
Figure 3.13. Attachment efficiencies obtained using 7.1% O-MWCNTs (filled red 
triangles) and 8.3% O-MWCNTs (open blue squares) from breakthrough experiments 
conducted at pH 5.8 ± 0.2 and in the presence of (a) 5 mM CaCl2 and (b) 10 mM 
CaCl2 plotted as a function of SRNOM concentration. 
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3.13(a) and (b), using 5 mM Ca
2+
 and 10 mM Ca
2+
 background electrolyte, respectively.  
Data for the third less oxidized material (5.1% O-MWCNTs) under these same conditions 
are provided in Figure 3.14. The attachment coefficients under each condition and also 
under a third electrolyte condition of 100 mM NaCl are detailed in Table 3.7. 
 
 
For all three O-MWCNTs and under all aquatic conditions tested, increasing 
SRNOM concentration led to decreasing α (i.e., decreasing rates of deposition). With 100 
mM NaCl as the background electrolyte, deposition was sensitive to SRNOM as well as 
Figure 3.14. Attachment efficiencies of O-MWCNTs with a total surface oxygen 
concentration of 5.1% as a function of SRNOM concentration at pH 5.8 ± 0.2 with 
5mM CaCl2 (red triangles), and 10mM CaCl2 (blue diamonds). 
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O-MWCNT surface oxygen – for example, 0.82 mg DOC/L of NOM causes a 4 fold 
decrease in α (from 0.88 to 0.21) for 7.1% O-MWCNTs and a 3-fold decrease (from 0.59 
to 0.11) for 8.3% O-MWCNTs (Table 3.7).  
With CaCl2 as background electrolyte, deposition was sensitive to SRNOM but 
not to O-MWCNT surface oxygen. For both O-MWCNTs shown in Figure 3.13 results 
were almost identical. In the presence of 5 mM Ca
2+
 (Figure 3.13(a)), α values for two 
O-MWCNTs tested decreased sharply for SRNOM concentrations between 0.02 and 0.82 
mg DOC/L; however, the decline of α at higher concentrations of NOM was somewhat 
more gradual. More specifically, α values dropped from 1.0 to 0.2 with addition of 0.82 
mg DOC/L, but then gradually decreased thereafter, requiring 4.1 mg DOC/L for α ~ 0.1. 
For the 10 mM Ca
2+
 scenarios (Figure 3.13(b)), the same trend was observed but with α 
dropping only to 0.6 at very low values of SRNOM and then gradually decreasing only to 
~ 0.2 at 4.1 mg DOC/L of added SRNOM. Results with the less oxidized 5.1% O-
MWCNTs (Figure 3.14) show similar trends as discussed above for low DOC values 
although with much greater variability of results owing to the lower stability of these 
materials. For these reasons, SRNOM concentrations above 0.82 DOC mg/L were not 
studied for the 5.1% O-MWCNTs.  
We postulate that the rapid drop in α at low NOM concentrations (< 0.82 mg 
DOC/L) correspond monolayer coverage of all available O-MWCNT surfaces. Simple 
calculations confirm that this is a realistic possibility – with roughly 1.2 μg of O-
MWCNTs injected (corresponding to C0 = M0/Vpore = 0.12 mg/L) and assume 283.3 m
2
 
surface area per g MWCNT (based on BET measurement from Cho et al.
23
) we estimate 
that each mg of SRNOM DOC would need to occupy only 0.04 m
2
. This is much lower 
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than the value of 1 m
2
 that has been previously estimated as the amount needed to 
achieve full monolayer coverage of a mineral surface by moderately sized organic 
molecules.
80
 Thus, our postulation lies well within the realm of possibility. We further 
postulate that the lower sensitivity of α to DOC at SRNOM concentrations above 0.2 mg 
DOC/L reflects a change in dominant mechanism from one of surface charge screening 
as DOC monolayer adsorption blocks O-MWCNT surfaces to steric interaction as the 
adsorbed layer of SRNOM thickens.  
Considering the effects of surface oxygen on attachment efficiencies in the 
presence of SRNOM, the results show that such effects were much less substantial in 
Ca
2+
 based than Na
+
 based electrolyte–see Table 3.5. These findings are qualitatively 
similar to those found in the absence of SRNOM (Figure 3.11(b)). Moreover, similar 
effects have been previously reported by Smith et al. who studied homo-aggregation in 
the presence of SRNOM in both simple NaCl solution and in a “synthetic groundwater” 
containing Ca
2+
. In that work, as in this, SRNOM dramatically reduced attachment 
efficiencies in both types of electrolyte, but the impact of surface oxygen was more 





In natural environments where both Ca
2+
 and NOM are present, O-MWCNT 
transport may be largely independent of O-MWCNT surface oxidation, with attachment 
efficiencies of dispersed O-MWCNTs being instead controlled primarily by the amount 
of adsorbed NOM and other aquatic conditions such as pH, ionic strength, and ionic 
composition.  Importantly, the results showed that the presence of even low 
concentrations of natural organic matter caused low particle attachment efficiencies (α < 
0.2) under all conditions tested.  Together, these findings suggest that O-MWCNT 
 107 
attachment efficiencies in porous media may be very low in many natural situations 
where straining is not important, with commensurate implications for deposition.  We 
believe that these findings may be directly relevant for environmental transport under 
some conditions, such as in subsurface sand and gravel aquifers where grain size and 
uniformity are sufficient to exclude straining mechanisms. 
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Chapter 4. Transport of Oxidized Multi-Walled Carbon 
Nanotubes through Silica Based Porous Media: Investigation 
of Removal Mechanisms and Mathematical Modeling  
ABSTRACT 
To better understand the nature of oxidized multi-walled carbon nanotube (O-MWCNT) 
interaction with the surfaces of silica glass bead collectors, additional transport studies 
were conducted with special focus on removal mechanism. These studies included both 
investigations of velocity effects on deposition rate under pulse-input conditions and 
investigations of spatial distribution of O-MWCNTs through column dissection under 
step-input conditions. For studies of the effect of approach velocity on the estimated 
deposition rate coefficient, kd, the mathematical relationship between kd and approach 
velocity followed expectations of interception theory, which would be consistent with the 
notion that, for purposes of collision prediction, O-MWCNTs effectively occupy a 
spherical volume with a diameter on the order of the CNT length. Other experiments 
were conducted with a step-input approach to allow examination of in-situ concentrations 
of O-MWCNTs and better understand deviations from conventional clean-bed filtration 
theory (CBFT). Both breakthrough curves (BTCs) and retention profiles at five different 
ionic strengths (IS) were analyzed. Although the trends of the experimental observations 
followed the general expectations from traditional theory based on electrostatic 
interactions, the BTCs as well as retention profiles exhibited features that could not be 
quantitatively well explained by simple CBFT, including BTC plateaus that either 
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increased (low IS) or decreased (high IS) with time as well as hypo-exponential decay in 
spatial profiles of retained particles. Modified models incorporating terms for straining, 
site-blocking, and multilayer deposition effects were applied to simulate experimental 
results that deviated from simple CBFT and to investigate the mechanisms of O-
MWCNT removal. Results showed that all of the additional terms were needed in order 
to explain the full set of data, although there were conditions under which one or more of 
the terms could be neglected. 
4.1 Introduction 
As illustrated by the O-MWCNT transport studies described in Chapter 3, 
observation of breakthrough curves in laboratory columns can be an effective approach to 
study the movement of particulate and dissolved contaminants through porous media, and 
thus to better understand their transport in groundwater systems.
1-8
 One important reason 
for the widespread use of breakthrough curves in transport studies is that they are 
comparatively straight forward to conduct and usually require less analytical effort than 
other methods of observation, such as direct imaging of in-situ concentrations
9, 10
 or post-
experiment dissection for measurement of in-situ solid concentrations.
4, 8, 11
 Moreover, it 
is also usually the case that aqueous-phase concentrations of contaminants can be 
measured with greater sensitivity and accuracy than in-situ solid concentrations, which 
facilitates quantitative interpretation of results.  On the other hand, breakthrough 
experiments provide no direct observation of the collector-contaminant interaction at the 
physical locations of removal within the column, but only provide information regarding 
the rate at which the contaminants enter and leave the porous media. By contrast, direct 
observations of retained contaminants can provide valuable additional information 
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regarding their in-column distribution. Consequently, column dissection is sometimes 
applied in conjunction with transport experiments to gather more information and enable 
a more mechanistically based analysis of results.
4, 8, 11-14
  
When the column dissection approach is used with colloidal transport experiments, 
columns are cut into small segments, each of which is separately analyzed to obtain the 
amount (usually mass) of deposited particles. The amount of particles for each segment is 
usually normalized by the mass of the collectors in the segment to calculate a solid-phase 
concentration (mass/mass), which is then plotted with respect to the distance of the 
segment location from the column inlet. The resulting plot, called a retention profile or 
spatial distribution profile, exhibits the distribution of deposited particles after the 
completion of an experiment and can shed light on the deposition mechanism. Compared 
to methods such as direct imaging, column dissection does not require advanced 
detection instruments such as high resolution microscopy, but still provides abundant 
information regarding the behavior of colloidal particles in the porous media.  
Many prior publications have reported on investigations of the transport of 
engineered nanomaterials through porous media, including some that were conducted 
using column dissection.
4, 8, 11, 13, 15
 For example, Wang et al.
8
 analyzed retention profiles 
of 4-ethoxybenzoic acid functionalized MWCNTs through saturated media composed of 
quartz sands. The authors found that the amount of deposited MWCNTs was 
exceptionally high at the column inlet and postulated that the effects of straining were 
significant.
8
 Li et al.
11
 used porous media composed of quartz sands to examine the 
breakthrough curves and retention profiles of C60. They observed phenomena consistent 
with their hypothesis of a site-blocking mechanism, i.e., that some of the most favorable 
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sites for deposition were of limited quantity and were blocked against further deposition 
once they were initially occupied. Lanphere et al.
13
 investigated the fate of graphene 
oxide nanoparticles (GONPs) through packed bed columns at varied ionic strengths (IS) 
by using transport experiments. Mass balances and column dissections revealed that as 
concentrations of KCl increased from 0.01 to 0.1 M, the portion of GONPs retained 
within the media increased from 5% to 100%, the majority of which were retained within 
the first centimeter of the column. 
To more quantitatively interpret experimental results, test their understanding and 
make predictions of as yet untested circumstances, investigators and engineers often use 
mathematical representations (i.e., quantitative simulation models) of the underlying 
physical and chemical processes of transport. Such models are usually solved through 
computer-based analysis and can be used to obtain additional understanding of system 
properties. Such computer modeling has been widely used in the interpretation of 
colloidal particle transport. 
In the context of aquatic particle transport through beds of porous media, Yao et 
al.
16
 were among the first to apply clean-bed filtration theory (CBFT) to data 
interpretation. Focus of the study was on physical mechanisms of collision in terms of 
“single collector contact efficiencies” (η0).  In addition, the authors also applied the 
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory
17-19
 in an effort to understand 
particle-particle forces that were not incorporated into the physical collector efficiency 
term.  The effects of such interactions were instead lumped into a separate term, called 
the “sticking probability” or “attachment efficiency” (α). 
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Since the early work of Yao et al.
16
, numerous improvements of the clean bed 
filtration (CBF) model have been proposed and applied to simulate the transport of 
colloidal particles in porous media.
5, 16, 20, 21
 In their own work, Yao et al.
16
, provided 
individual analytical solutions for single collector contact efficiencies caused by diffusion 
(ηD), interception (ηI), and sedimentation (ηG). They also proposed that the numerical 
solution of the total single-collector contact efficiency (η0) can be approximated as the 
sum of the solutions for the three primary mechanisms.
16
 In 1976, Rajagopalan and Tien 
improved Yao’s equation by developing a semi-empirical correlation equation for η0.
20
 In 
2004, Tufenkji and Elimelech further improved the equation by including additional 
particle-removal mechanisms and interaction forces, such as the previously omitted 
hydrodynamic and van der Waals interactions, into their calculation of η0, thereby 
providing a more accurate solution.
21
  
In addition to the traditional CBFT, other researchers have provided additional 
mathematical expressions in efforts to mechanistically account for observations in 
experiments where the clean bed assumption appeared not to hold.
6, 7, 22-31
 For example, 
Bradford et al. 
23
 added a first order straining rate coefficient, kstr, together with a depth-
dependent term in the convection-diffusion equation to address the straining effect. 
Tufenkji et al.
24
 developed a power law distribution of the deposition rate coefficient kd 
into the CBFT to model a hyper-exponential retention profile of bacteria in glass beads. 
Ryde et al.
29, 31
 applied a multilayer deposition model to study the transport of uniform 
spherical hematite particles through glass beads, reporting that their model was successful 
in fitting the breakthrough curves obtained at varied ionic strength (IS) and that 
multilayer deposition was only significant at high IS conditions. 
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Despite abundant research on traditional colloidal particles such as soil-mobilized 
colloids or latex particles
22, 32-36
, it is still challenging to estimate the aquatic movement 
of complex colloids including many engineered nanomaterials, such as carbon nanotubes 
(CNTs), fullerenes, and quantum dots, owing to their unique shapes and/or extremely 
high aspect ratios. In these cases, new modeling approaches are needed, as may be 
obtained either by altering existing models or proposing new ones. 
Several research groups have attempted to explain experimental results with 
engineered nano-particles (ENPs) through modification of traditional models. Liu et al.
5
 
applied traditional CBF model in conjunction with site-blocking and detachment terms to 
model the breakthrough of sulfuric/nitric acid treated MWCNTs through quartz sand 
columns. The authors also took the non-spherical shape of MWCNTs into consideration 
and re-calculated the single collector efficiency by revising all three contact efficiencies 
(ηI, ηG, and ηD).
5
 This calculation was conducted using the assumption that dispersed 
MWCNTs existed in water flow in a form similar to cylindrically shaped rods that can 
come into contact with collectors by means of end-on or side-on interactions.
5
 This model 
was able to provide good agreement with the experimental observations, using only 
attachment efficiency α and maximum solid concentration (or maximum adsorption 





 also successfully applied a modified CBF model to model their transport 
experimental results for the transport of 4-ethoxybenzoic acid functionalized MWCNTs 
through porous media composed of Ottawa sands, including breakthrough curves and 
retention profiles. Their modified version included additional terms for a straining rate 





 used a mathematical model incorporating non-equilibrium attachment kinetics 
and a maximum retention capacity to simulate the effluent breakthrough curves and 
retention profiles obtained by passing C60 through columns packed with quartz sands. 
Their attachment efficiencies, estimated from fitted attachment rate coefficients, were 
more than one order of magnitude larger than the theoretical attachment efficiencies 
computed from DLVO theory.
11
 Similar issues had been observed previously with latex 
particles by O’melia et al.[ref]. Li et al. followed Elemelech and O’melia to postulate that 
this discrepancy was due to the patch-wise surface charge heterogeneity on the sand 
grains.
11
[ref] More investigations are still needed to better estimate the transport behavior 
of engineered nanoparticles (ENPs) in porous media. In comparison with prior studies on 
the transport of more traditional colloidal particles, there are as yet few studies focused 
on ENPs. 
In this work, transport of 7.1% O-MWCNTs through columns packed with glass 
beads was investigated and analyzed by both of the previously discussed methods: 
breakthrough curves and retention profiles. A conventional CBF model, as well as 
modified models incorporating straining, site-blocking, and multilayer deposition terms 
were applied to simulate experimental results and investigate the mechanisms of O-
MWCNT removal.  
4.2 Experimental Methods 
4.2.1 Surface Oxidation, Characterization, and Preparation of Colloidal O-
MWCNTs. 
MWCNTs (15 ± 5 nm diameter, 1 - 5 µm length) purchased from NanoLabs, Inc. 
(Waltham, MA) were used in this study. The oxidation and characterization processes for 
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these materials, as well as details for the preparation of O-MWCNT colloidal dispersions 
have been described in previous work.
37-44
 To summarize, oxidized MWCNTs (O-
MWCNTs) were prepared by refluxing in 53% w/w HNO3, followed by an additional 
base purification process. X-ray photoelectron spectroscopy (XPS) (PHI 5400 system) in 
conjunction with chemical derivatization
45, 46
 was employed to characterize the resulting 
O-MWCNTs and obtain total surface oxygen concentrations, as well as the distribution of 
oxygen-containing functional groups. To prepare O-MWCNT stock dispersions, a small 
amount of O-MWCNTs (~ 4 mg) was added into ~ 200 mL de-ionized (DI) water and 
sonicated (Branson 1510, 70 W) for 20 hours. The suspension was then subjected to 
repeated centrifugation cycles (1000 rpm, 5 min) to remove any un-dispersed O-
MWCNTs bundles and glass particles etched from the wall of the flask during sonication. 
An additional sonication (5 min) of the supernatant was conducted afterward to further 
disperse some bundled O-MWCNTs that may have remained suspended. Dynamic light 
scattering (DLS) was employed to measure the hydrodynamic diameters of O-MWCNTs 
in stock suspensions.  
4.2.2 Preparation of Glass Beads and Packed Columns.  
Columns with diameters of 2.5 cm and lengths of 5.2 cm or 10.2 cm were 
prepared using soda lime glass spheres (0.355 - 0.425 mm, MO-SCI Corporation) as 
model collectors. Details regarding preparation of glass beads and column packing were 
the same as for the studies described in Chapter 3. The careful cleaning and preparation 
were necessary in order to achieve good reproducibility. Mild sonication of glass spheres 
in base (0.1 M NaOH), acid (1 M HNO3), and de-ionized (DI) water was performed both 
upon receipt and again immediately prior to use. A wet-pack method was used during 
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column assembly, maintaining the porosity of columns at 0.38 and the pore volume at 9.7 
cm
3 
(short column) or 19.0 cm
3
 (long columns). The porosity of the porous media in each 
packed column was calculated based on the quartz column inner diameter, the weight of 
packed glass beads, and the column length. 
4.2.3 Transport Experiments 
Transport experiments were conducted using a dual-pump system as described 
earlier. (See Chapter 3) Pulse-input and step-input methods were used to study O-
MWCNTs deposition onto model collectors. Pulse-input experiments use a smaller total 
mass of O-MWCNT particles so that the conditions for clean bed filtration can be more 
easily maintained. Step-input experiments use a much greater volume of O-MWCNT 
suspension and therefore more O-MWCNTs are retained in the column at a specific 
background electrolyte concentration. A higher solid concentration of O-MWCNTs 
within the column is necessary to obtain the retention profile within each column after 
each transport experiment. 
a. Pulse-input method. 
The pulse-input method was employed in the study described in this chapter to 
analyze the effect of flow-rate on O-MWCNT deposition. During a pulse-input 
experiment, two separate feed solutions, one containing DI water (“line I”) and another 
containing sodium chloride background electrolyte solution (“electrolyte line”) were 
pumped into the column at a constant flow rate by two separate peristaltic pumps 
operating in parallel. In each experiment, both feed lines were kept at identical and 
constant flow-rates. Among the various experiments, these flows ranged between 0.5 
mL/min and 7 mL/min to achieve a final total flow rate of 1 mL/min to 14 mL/min for 
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the mixed solution flowing through the column. When the column reached steady-state 
with the intended solution and flow rate, a 0.6 mL pulse of O-MWCNT dispersion (~2.0 
mg/L) was injected into the DI line through an injection loop as described in Chapter 3. 
O-MWCNT dispersions were added into the DI line instead of the electrolyte line to 
minimize any aggregation or deposition that could occur before entering the column. The 
two lines were mixed immediately prior to the column inlet in a custom-built Teflon
®
 in-
line mixing chamber (<1 mL internal volume) inside of which a tiny Teflon coated stir 
bar was placed. Please refer to Chapter 3, including Figure 3.4 for details regarding the 
experimental set-up. 
b. Step-input method  
 
As shown in Figure 4.1, when the step-input method was employed, an O-
MWCNT dispersion (~1.23 mg/L) replaced the DI water at the “line I” and was pumped 
into the column at a constant flow-rate of 2.0 mL/min. A sodium chloride solution was 
pumped into the column at a flow-rate of 5.0 mL/min through the “electrolyte line”. 
These two lines were also mixed immediately before entering the column, resulting in a 
Electrolyte line 
Line “I” 
Figure 4.1. Dual-pump column filtration system with in-line mixer, column, and UV-vis 
detection source for step-input method. 
Flow-through UV-Vis 




















final concentration of 0.35 mg/L O-MWCNTs. The O-MWCNT dispersions were passed 
through columns for a prescribed amount of time ranging from 10-28 pore volumes fed 
(PVF). The length of the feeding time was chosen based on the availability of the O-
MWCNT stock dispersion and the background ionic strength. For BTCs with increasing 
plateaus (low IS), the O-MWCNT dispersion was fed until a flat plateau was obtained or 
the dispersion stock was emptied. For BTCs with decreasing plateaus (high IS), a lower 
PVF was selected to avoid the plateaus from decreasing to the same level of system noise, 
so that features of the BTCs could be better captured. Afterwards, DI water without O-
MWCNTs was pumped through “line I” at the same flow rate while electrolyte pumping 
continued as before. This was maintained for another five pore volumes (PV). 
All solutions or dispersions used in this study were equilibrated with ambient 
atmosphere before use so as to keep the pH at 5.8 ± 0.2 without the addition of any 
buffering agent. Before each experiment, columns were conditioned with DI water and 
then background electrolyte, each for 20 pore volumes. As described previously 
(Chapter 3), sodium nitrate was used as a pulse-input tracer for selected columns in 
order to obtain independent information about residence time distribution and hydraulic 
dispersivity.  
O-MWCNT dispersions exiting the columns were passed through a 5 cm light 
path flow-through quartz cell (Starna Cells, Inc.) and detected using UV-Vis (Cary 50) at 
270 nm; NaNO3 tracers were measured at 302 nm. The pH of the effluent was measured 
to be 5.8 ± 0.2 throughout all experiments. Two preliminary runs, one using only DI 
water and no electrolyte (“DI” run) and another “bypass” run that circumvented the 
column completely, were conducted prior to each O-MWCNT breakthrough experiment 
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as described in our previous study (see Chapter 3). For column experiments conducted 
with the pulse-input method, “DI” and “bypass” runs were performed using identical 
volumes of O-MWCNT dispersions to those used in the experimental runs under the 
designated background electrolyte concentration and both preliminary test yielded 100% 
mass balance (±5%) (see Chapter 3). For consistency, the mass of O-MWCNTs 
estimated from “bypass” run (Mbypass) was used as the injected mass (MI) in the data 
analysis. For column experiments conducted with the step-input method, however, both 
“DI” and “bypass” runs were performed for only five PVF, i.e., the O-MWCNT 
dispersion was passed through the system for 5 PVF before switching to DI water. The 
injected mass (MI) for each experiment was then calculated by multiplying the mass 
estimated from the corresponding bypass run (Mbypass) by the ratio of feed times (in PVF). 







MM   
Eq. 4.1 
where MI [M] is the injected mass of O-MWCNTs in the actual transport experiment; 
Mbypass [M] is the mass of O-MWCNTs estimated from the bypass run; PVFex is the total 
number of pore volumes fed in the actual experiment, and PVFbypass is the total number of 
pore volumes fed in the bypass run. 
For the pulse-input and step-input method, as with the pulse-input method, the 
mass of O-MWCNTs recovered from the effluent in “DI” runs was reproducible and 
similar to the mass obtained in bypass runs (mass balance is 95% - 105%).  
4.2.4  Dissection of Columns 
To promote further understanding of the deposition properties of O-MWCNTs, 
the amount of O-MWCNTs deposited on each unit mass of glass spheres was obtained by 
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analyzing the O-MWCNT retention profile after each step-input transport experiment 
through dissection of the column. As previously mentioned, the step-input method was 
used in these experiments to increase the recoverable amount of deposited O-MWCNTs. 
After completion of a transport experiment, the column was kept vertical while the 
stopper and stainless steel screen at the bottom of the column was removed. The stopper 
at the top of the column was kept in place during this process and a feed solution of the 
same background electrolyte concentration as the one used during the transport 
experiment was then pumped into the column from the top at a flow rate of 1 mL/min. 
The in-flowing water did not flow through the porous media, but rather created a region 
of high pressure at the top of the column that served to push the glass beads downward 
without distorting their relative position or affecting the deposited O-MWCNTs’ 
locations relative to the beads. Glass beads pushed out of the column were collected in 
0.25- to 0.5-cm increments as they emerged from the bottom end by slicing the beads 
with a thin-edged razor blade. These samples were then stored in small 20-mL screw-cap 
vials for analysis. 
To determine the quantity of CNTs deposited during a transport experiment, the 
collected samples of O-MWCNT-laden glass beads were first immersed in 3 mL of 1% 
Triton X100 solution and shaken for 3 hours. The supernatant was then transferred into 
another clean vial and sonicated for 10 min to ensure that all the O-MWCNTs were 
dispersed. After sonication the solutions were injected into the 5-cm path-length cell and 
scanned using UV-Vis over the wavelength range of 200 nm to 900 nm. As shown in 




sample could be determined by measuring the sample’s average UV-Vis absorbance in 
the wavelength region between 800 nm and 900 nm, where there was no overlapping 
absorbance from the surfactant or high baseline noise. In this regard, the use of the long 
path length UV-Vis cell was important because of its ability to increase the sensitivity of 
O-MWCNT detection. Once the concentration of O-MWCNTs (CL) in the supernatant 
from each column segment had been ascertained, the mass of O-MWCNTs per unit mass 
Figure 4.2. UV-vis spectra of solutions containing 5.2 mg/L O-MWCNTs in water 
(red dashed line), 1% Triton X-100 (blue dash-dot line) and 5.2 mg/L O-MWCNTs 
plus 1% Triton X-100 (solid black line). The inset shows the region between 800 and 
900 nm where Triton X-100 does not show absorption. 
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C   
Eq. 4.2 
where MD is the mass of deposited O-MWCNTs, VS is the volume of the supernatant, 
MGlass beads is the mass of glass beads. These results were then plotted against the distance 
of each glass bead segment from the column inlet to obtain a retention profile of O-
MWCNTs.  
The total mass balances of O-MWCNTs in the transport experiments were 








   
Eq. 4.3 
where MBTC [M] is the total mass of effluent O-MWCNTs estimated from breakthrough 
curves; MRP [M] is the total mass of retained O-MWCNTs estimated from retention 
profiles. The mass balance for transport experiments with both BTCs and retention 
profiles is showing in Table 4.1. 


















5 92.9 80.4 17.5 105.3% 
10 123.2 88.6 36.3 101.4% 
40 92.1 36.0 47.6 90.9% 
60 46.3 11.0 29.1 86.5% 




4.3 Interpretive Models and Quantitative Analysis  
4.3.1 Estimation of Dispersion in the Column System 
a. Exclusion of dispersion introduced by flow-through cuvette 
Breakthrough curves in transport experiments were obtained by monitoring a 
5-cm flow-through cuvette. The flow-through cuvette is a chamber with an inner volume 
of ~1.2 mL. Given that the total flow-rate was 7 mL/min for all experiments except those 
conducted to investigate velocity effects, it is reasonable to assume that the cuvette acted 
as a completely mixed flow reactor. With the assumption that no dead space was present 
in the reactor, the relationship between concentrations in the influent to the cuvette (Cin) 












/T] is the volumetric flow-rate in experiments and V [L
3
] is the volume in the 
flow-through cuvette.  
The effect of the flow-through cuvette on the breakthrough curves can then be 































b. Estimation of diffusion coefficient using tracer breakthrough curves 
As mentioned above, NaNO3 was occasionally employed as a tracer to explore the 
hydrodynamic characteristics of the columns used in this study. Since O-MWCNT 
breakthrough in the “DI” run were found to exhibit shapes identical to those in the tracer 
runs (Figure 3.6 in Chapter 3) and since such DI runs were conducted prior to every 
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column experiment and showed excellent mass balance, breakthrough curves from these 
“DI” runs were used to estimate the dispersion coefficient, D, for each column. The one-
dimensional convection-diffusion equation for inert compounds (i.e., no decay or 
production processes during transport)
36






















where C(x, t) [M/L
3
] stands for the aqueous concentration of O-MWCNT at time t [T] in 
a water parcel whose distance from the column inlet is x [L]; D [L
2
/T] is the 
hydrodynamic dispersion coefficient; and v [L/T] is the pore water velocity. The effluent 
concentration of O-MWCNTs from a column with fixed length L at time t after a dirac 



























] is a characteristic concentration defined as M0/Vpore; M0 [M] is the 
injected mass of O-MWCNTs in the transport experiment, which is recovery from the 
bypass experiment; Vpore is the aqueous pore volume within the column [L
3
]; τ is the 
mean hydraulic retention time (τ = Vpore/Q, [T], where Q is the volumetric flow rate of the 
feed solution [L
3
/T]); and L is the column length [L]. The dispersion coefficient D for 
transport experiments using pulse-input method can then be estimated by fitting 
breakthrough curves from “DI” runs with Eq. 4.7. At a flow-rate of 7 mL/min, ten 
breakthrough curves obtained from columns of each length (5.2 cm or 10.2 cm) were fit 
to obtain the average value of D in order to ensure the most accuracy. Since the 
hydrodynamic dispersion coefficient D is identical for columns with identical physical 
characteristics at identical flow-rates, the values of D obtained from pulse-input method 
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were also used in quantitative estimation of results obtained using step-input methods. 
For experiments conducted at a flow-rate other than 7 mL/min, values of D were 
estimated specifically for each column using breakthrough curves from the “DI” runs.  
4.3.2 Estimations of O-MWCNT Deposition Mechanism for Experiments Using 
Pulse-Input Method 
a. Estimation of first order deposition rate coefficient, kd 
The presence of background electrolyte causes O-MWCNTs to deposit onto the 
surface of collectors. The one-dimensional convection-diffusion equation that includes 
































where the effect of deposition is accounted by S(x, t) [M/M], which is the solid-associated 
concentration of O-MWCNTs at time t and distance x from the column inlet.  In this 
equation,, ρb [M/L
3
] and ε are the bulk density and porosity of the porous media, 
respectively. 
Conventional CBF model was applied to quantitatively interpret results obtained 
from transport experiments using the pulse-input method. The assumption of first-order 
irreversible deposition (clean bed) can be held for transport experiments conducted at low 
IS (< 40 mM) using the pulse-input method because of the combination of small mass of 
O-MWCNTs injected into the column and  <1. (See Chapter 3) Under CBF conditions, 
the removal or the accumulation rate of the deposited O-MWCNTs can be calculated 



















] is the deposition rate coefficient. Therefore, the convection-diffusion 

























The analytical solution to Eq. 4.10 for column subjected to a dirac pulse-input 
method is well-known.
8, 47
 The expression, which applies towards modeling the effluent 





























The estimation of kd can then be obtained by fitting the breakthrough curves from the 
pulse-input method to Eq. 4.11 using a nonlinear least-squares analysis. 
b. Relationship of single collector removal efficiency and approach velocity  
Once the deposition rate coefficient (kd) is obtained, the single collector removal 















where ac [L] is the collector radius. As mentioned previously, the attachment efficiency, 
α, is an empirical parameter used to explain the effect of double layer interactions while 
predicting the experimental single collector removal efficiency η from the η0 values 
(single collector contact efficiencies) that are presumed by filtration theory to apply for 
conditions of favorable deposition:
48, 50
 
 0   Eq. 4.13 
where η0 is the theoretical single collector contact efficiency, as can be calculated for 





 At constant pH and IS, α is a constant, so η is then proportional to η0. As mentioned 




 GID0    Eq. 4.14 
where ηD is the single collector contact efficiency contributed from diffusion, ηI is that 
from interception, and ηG  is that from sedimentation. Based on theoretical calculations 
that assume spherical collectors and particles, the relationships between the three ηi (i = 





















Combining Eq. 4.12 with Eq. 4.15 through Eq. 4.17, the relationships between kd 



















Although the above equations were derived using calculations that assume spherical 
particles and collectors, it is unclear as to how sensitive the exponents will be to particle 
shape.
21
 For our current purpose, we assume that O-MWCNTs will rotate in sheared flow 
and effectively occupy a spherical volume. We therefore believe that the above exponents 
may be reasonably correct. If so, one can examine the observed relationship between kd 
 
133 
and v, to make a reasonable speculation in regard to the dominant mechanism(s) of the 
transport behavior.  
4.3.3  Quantitative Analysis for Results Obtained from Transport Experiments 
Using Step-Input Method 
When step-input methods are employed and injected amounts of O-MWCNTs are 
much greater, the tenets of CBFT may no longer hold, even for the idealized and uniform 
spherical beads used in this work. Under these circumstances, the mathematical 
simulation of O-MWCNT removal can become much more complicated. In particular, 
other mechanisms need to be taken into account and mathematically approximated in 
order to explain the breakthrough curves and retention profiles obtained from 
experiments using this method.  
In this study, a numerical method was applied to quantitatively simulate and 
analyze the breakthrough curves and retention profiles. Modification of the CBF model 
involved applying additional terms to the transport equation (Eq. 4.10) and then using 
numerically generated solutions under varied experimental conditions. Toward this end, 
identical parameter sets were applied to the paired combinations of (1) temporal 
breakthrough curve results and (2) final spatial profile of retained particles at the end of 
the breakthrough test. As mentioned above, the value of D was obtained by analyzing 
breakthrough curves obtained using pulse-input method at an identical flow-rate and 
column lengths. The injected mass of O-MWCNTs was estimated from the “bypass” run 
of each transport experiment. 
Estimation of deposition rate and other mechanistic parameters of deposition were 
then conducted by first simulating the BTC and retention profile with numerical 
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integration and then minimizing the combined errors between model simulations and data 
for both the breakthrough and retention profile concentration results with optimization 
routine. Optimization was achieved using the non-constrained optimization function fmin 
in MATLAB, which achieves minimization based on golden section search parabolic 
interpolation.
51
 Since the numbers of data points in breakthrough curves were much 
greater than those in retention profiles, the objective function for optimization was the 
sum of the weighted total error, in which the total relative squared error for breakthrough 
curves and retention profiles were each divided by their sample sizes as a means of 
weighting prior to combination. 
a. CBF model 
The conventional CBF model was the first one applied to analyze the step-based 
breakthrough curves and retention profiles. The value of the deposition rate coefficient kd 
was obtained by fitting Eq. 4.10 using the aforementioned weighted optimization method. 
b. CBF model with additional site-blocking  
As discussed subsequently, CBF modeling alone could only partially explain the 
experimental results. One major case when the method failed was at low IS (< 40 mM), 
where the BTCs showed increasing plateaus. The increasing plateaus seem to imply that 
rates of deposition are decreasing over time, as might be associated with decreasing 
availability of deposition sites. In this regard, it is possible that there is only limited 
(finite) supply of the “preferred” cites at low IS. As previously discussed in Chapter 3, 
the soda-lime glass beads used to simulate porous media contained ~15% impurities, 
including magnesium oxides, calcium oxides, magnesium silicate, and other metal oxides 
according to the manufacturer and shown in the TEM images (Figure 3.1). These 
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impurities are likely to be associated with heterogeneity of surface charge on the 
collectors (glass beads), most of which are metal oxides as detected in the supernatant 
after sonicating glass beads (Figure 3.1). In this regard, the intensive cleaning procedure 
seemed to reduce the amount of metal oxides (Figure 3.1). and homogenize the collector 
surface at least sufficiently for consistent results to be obtained for different batches of 
collectors. Nonetheless, however, the relatively dilute acid was unable to completely 
remove all impurity sites on the collector surface. A reasonable hypothesis may be that 
experiments with the pulse-input method would be relatively less affected by these 
heterogeneities than step-input experiments because of the much smaller amount of 
injected O-MWCNTs with the pulse approach. In this regard, the hypothesis is that 
deposition sites formed by metal oxides and silica could be mathematically simulated as 
effectively “infinite” for the Dirac pulse experiment – that is, their concentrations are 
sufficiently high as to be unaffected by “blocking.” With this reasoning, the assumption 
of CBFT could be satisfied for the pulse experiments and a combined first-order 
deposition rate coefficient would be obtained. By contrast, however, the step-input 
method leads to injected amounts of O-MWCNTs that are 20 or more times greater than 
those in the pulse-input methods such that the clean-bed assumption may no longer be 
valid.  In particular, one may speculate that the numbers of retained O-MWCNTs can be 
sufficiently high as to effectively block some important fraction of the higher energy 
deposition sites, as perhaps associated with iron and other metallic impurities on the 
collector surface. This phenomenon has been reported in prior literature, some of which 





In terms of simulation of deposition-site blocking, the Langmuirian isotherm 
model has been one of the most commonly used approaches.
11
 With this approach, a 
maximum capacity of sites on the collector is assumed, and the “filling” of these sites by 
deposited particles is assumed to affect on-going deposition rate in ways similar to the 
monolayer coverage assumed in the Langmuir adsorption model. For the study reported 
here, for example, we may assume that the amount of surface area comprised of metal 
oxides is limited, but that the total amount of silica surface is sufficiently large as to be 
effectively modeled as infinite. This is reasonable given that the total estimated surface 
area of deposited O-MWCNTs is less than 1% of the total surface area of the glass beads. 
With this model, then, the combined first order deposition rate coefficient needs to be 



























] is the deposition rate coefficient due to the limited sites and ψb is the ratio 
of available number of metal-oxide deposition sites on the collector surface relative to 
the total number of metal-oxide deposition sites on the collector surface. ψb can be 











where Smax [M/M] is the maximum solid-associated concentration of O-MWCNTs on the 
impurity sites of collectors, and Sb(x,t) [M/M] is the solid-associated concentration of O-
MWCNTs on such sites at time t and distance x from the column inlet. 
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c. CBF model with additional straining effects 
Due to the large aspect ratio of O-MWCNTs and their unique shape as one-
dimensional nanomaterials, it is likely that straining may occur. Moreover, the effects of 
such straining may perhaps represent an even more important fraction of total removal 
for step feed conditions, owing to the longer period of feed and a perhaps greater initial 
accumulation of materials at the column inlet. Bradford et al.
52
 have reported that 
straining was likely to occur within the first 20% of a column’s length and to diminish 
with distance. In their later research, these authors proposed a straining term in addition 
to the CBF model as shown in Eq. 4.23 below, which includes a first-order straining rate 




















































Here, d is the distance from the porous medium (column) inlet, and β is a fitting 
parameter controlling the shape of the colloid spatial distribution.  
d. CBF model with additional ripening effects 
The large aspect ratio of O-MWCNTs not only increases the likelihood of 
straining after long-time feeding of O-MWCNT dispersions, but also increases the 
tendency of interactions between deposited and dispersed O-MWCNTs. In particular, the 
deposited O-MWCNTs may be likely to have a portion of their length extending out into 
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the solution and could thus possibly retain dispersed O-MWCNTs as they pass by. This 
interaction would be significant at high IS, when the electrostatic repulsion between O-
MWCNTs is screened and multiple layers of O-MWCNTs can deposit onto collector 
surfaces. Under these circumstances, breakthrough curves and retention profiles would 
exhibit decreasing plateaus and hypo-exponential decay, respectively. These phenomena 
have been reported in prior literature,
30, 31
 where they have been modeled by the addition 
of a “ripening” term to the convection-diffusion. In this study, a simplified deposition 
coefficient kr [T
-1

























Note that the ripening effect is a function of both the aqueous concentration of O-
MWCNTs, C (x,t), and the concentration of deposited O-MWCNTs, S (x, t). Therefore, 
the deposition rate coefficient for ripening effect (kr) has the units [T
-1
·M/M] ([g/(mg·s]].  
e. Combining CBF model with three additional models 
An equation employing all three terms of the above has been used in this research 


























4.4 Results and Discussion 
4.4.1 Estimation of Dispersion 
a. Effect of flow-through cuvette on breakthrough curves 
Because the inner volume of the flow-through cuvette is small (1.2 mL), the 
mixture of solution in the cuvette should not have major impact on the shape of the BTC. 
 
139 
This was proven to be the case by our results. As shown in Figure 4.3, the shape of 
breakthrough curves before and after numerical modification for the exclusion of the 
flow-through cuvette effect (Eq. 4.5) did not change significantly. The BTC did, however, 
move forward (i.e., forward on the PVF axis) due to the removal of the measurement 
delay caused by the flow-through cuvette. Since breakthrough curves after this correction 
represented the actual shape of effluent, these were used in future calculation. 
 
b. Estimation of dispersion coefficient D using “DI” run and O-MWCNTs on “tracers” 
As shown in Figure 4.4, breakthrough curves from O-MWCNT 
Figure 4.3. Typical breakthrough curves obtained through 10.2 cm column using 
pulse-input method before and after the correction for the effect of flow-through 
cuvette using Eq. 4.5.  
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transport during the “DI” run could be well fit by Eq. 4.7. The values of the 
hydrodynamic dispersion coefficient D for short (5.2 cm) and long (10.2 cm) columns 








/s, respectively for a flow 
velocity of 0.0238 cm/s, implying a dipersivity, αD, of roughly 1.78 × 10
-5
 m and 5.97× 
10
-4 
m, respectively, if we assume D = αDv
1.0
. These values were used subsequently when 
estimating other parameters such as deposition rate coefficients. Values of D for 
experiments at flow-rate other than 7 mL/min are provided in Table 4.2. αD values are 
calculated for all runs and are seen to agree to within roughly a factor of 2. 
Figure 4.4. Breakthrough curves obtained by passing 7.1% O-MWCNTs through a 
10.2 cm column at the flow rate of 7 mL/min and IS of 0 mM. The BTC was fitted 
using Eq. 4.7 to obtain the hydrodynamic dispersion coefficient D. 
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Table 4.2 Summary of dispersion coefficient D and deposition rate coefficient kd at 
varied approach velocity v for transport experiments conducted using 5.2 cm columns at 












0.007 1.7E-07 2.5E-05 0.015 
0.007 1.2E-07 1.8E-05 0.015 
0.010 1.9E-07 2.0E-05 0.020 
0.012 2.2E-07 1.8E-05 0.023 
0.012 2.1E-07 1.7E-05 0.024 
0.012 2.4E-07 1.9E-05 0.024 
0.018 2.8E-07 1.6E-05 0.033 
0.024 4.3E-07 1.8E-05 0.044 
0.034 5.8E-07 1.7E-05 0.060 
0.048 7.1E-07 1.5E-05 0.082 
0.068 7.5E-07 1.1E-05 0.111 
 
4.4.2 Effect of Approach Velocity on the Deposition Rate Coefficient 
The change of deposition coefficients kd as a function of approach velocity is shown 




approach) revealed that the deposition rate coefficient of O-MWCNTs increased 
with approach velocity in a manner found to be consistent with kd = 1.22v
0.89
. The 
exponent can be compared with that of the theoretical relation of kd ~ v
-0.875
 shown in Eq. 
4.19. The coincidence of the exponent with that derived independently from theory for 
mechanisms of interception
21
 suggests that interception may be the primary removing 
mechanism of O-MWCNT deposition in the model column used in this study (0.355 – 
0.425 mm soda lime silica spheres). This result would not be predicted if the O-
MWCNTs were spherical particles with diameters equivalent to their diameters. For 
spherical particles within the same range of diameter (15 ± 5 nm), diffusion instead of 
interception is calculated to be the primary removing mechanism.
21
 On the other hand, if 
Figure 4.5. Change of deposition rate coefficients of 7.1% O-MWCNTs as a function of 
approach velocity. The O-MWCNTs were passed through 5.2 cm columns at pH 5.8 ± 
0.2 and 30 mM NaCl. 



























O-MWCNTs are considered as spheres with diameters equivalent to their lengths, then 
the interception mechanism would not be surprising. As shown in previous study, the 
same type of O-MWCNTs after identical treatment (oxidation and 20 h sonication) 
exhibited a length distribution ranging from 0.09 µm to 5.81 µm.
44
 The majority of O-
MWCNTs had diameters between 0.3 µm and 0.7 µm.
44
 Thus, interception is the 
expected collision mechanism if O-MWCNTs rotate out of stream lines of flow and can 
collide onto the collector by way of “end-on” contact, where the ends of O-MWCNTs 
contact the collector during deposition. Alternatively, this is also conceivable if the 
dispersed O-MWCNTs re-aggregated during transport to form small bundles prior to 
contact and if the effective diameters of these bundles were equal or larger than the 
length of individual O-MWCNTs such that interception could occur. The hydrodynamic 
diameter Dh of dispersed O-MWCNT was tested to be ~120 nm and ~180 nm before and 
after transport experiments, indicating slight aggregation of O-MWCNTs, which 
suggested the possible formation of small bundles. Although it is possible that some O-
MWCNT aggregates with larger Dh might deposite onto the porous media, separately 
conducted aggregation experiments showed (Chapter 3) that severe aggregation would 
not occur during the time of transport experiments under the given conditions (IS = 30 
mM, pH 5.8, O% = 7.1 for O-MWCNTs). Nevertheless, the formation of small bundles is 
possible. It is noteworthy that Jaisi and Elimelech
47
 also conducted similar experiments to 
investigate the relationship of approach velocity with the deposition rate coefficient of 
SWCNTs onto columns packed with soil. The authors observed a relationship of kd ~ v
-
0.65
, closely consistent with the deposition of soil-mobilized colloids observed in prior 













 Jaisi and Elimelech  
attributed this discrepancy to a straining effect, which they assumed to be a dominant 
effect in columns packed with soil.
47
 In the case of this study, however, we believe that 
the straining effect is not the primary contributor to O-MWCNT removal due to the 
application of spherical glass beads as collectors, A more detailed analysis of the 
potential role of straining under different conditions is provided in section 4.4.4(c). 
4.4.3 Analysis of Breakthrough Curves and Retention Profiles 
Breakthrough curves and retention profiles of transport experiments conducted at 
IS of 5, 10, 40, 60 and 357 mM are shown in Figure 4.6. As mentioned above and seen in 
Figure 4.6, the total PVF were different for varied experiments. The discrepancy in PVF  
 
as well as the varied IS in those experiments resulted in discrepancy in the total mass of 
deposited O-MWCNTs. Larger amount of O-MWCNTs were deposited for experiments 
Figure 4.6. (a) Breakthrough curves and (b) retention profiles obtained by passing 7.1% 
O-MWCNTs through 10.2 cm columns at varied NaCl concentrations (pH = 5.8± 0.2). 
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that were conducted at higher IS or that ran for a longer period of time. In order to 
compare the pattern of retention profiles obtained under different experimental conditions,  
the solid concentrations of O-MWCNTs (mass of O-MWCNTs per unit mass of glass 
beads) were normalized by dividing absolute solid concentrations by the total injected 
mass of O-MWCNTs. Results shown in Figure 4.6 provide evidence that the assumption 
of CBFT, which was previously found to be valid for the pulse-input method, was 
partially violated for results using step-input method. As previously discussed, this is 
presumed to be the result of the long pore volume applied in these experiments. Both 
blocking (for IS of 5, 10 and 40 mM) and ripening (for IS of 60, 357 mM) phenomena 
were observed in breakthrough curves. At the same time, hypo-exponential decay 
phenomenon was observed in the retention profiles, especially for those at high IS (for IS 
of 60, 357 mM).  
4.4.4 Numerical Simulation Using Traditional CBF Model and Additional Models 
As mentioned above, site-blocking, straining and ripening terms in addition to 
simple means of CBF have been reported in previous research.
4, 5, 8, 23, 27, 29, 31
 Such terms 
were employed in this study to interpret observations of increasing or decreasing plateau 
and hypo-exponential decay in retention profiles. Simulations conducted using CBF 
model alone, CBF and each of three additional models (site-blocking model, straining 
model and ripening model), as well as CBF and all three additional models are 
summarized in Table 4.3 and shown in Figure 4.7. The advantages and disadvantages of 




Table 4.3. Simulated results using traditional CBFT, CBFT and site-blocking model, 
CBFT and straining model, CBFT and ripening model and all four models. 
Simulation using CBFT 
IS (mM) 5 10 40 60 357 
kd (s
-1
) 0.032 0.040 0.076 0.092 0.12 
kd,ex (s
-1
) 0.032 0.040 0..075 0.095 0.12 
Simulation using CBFT and site-blocking model 
kd (s
-1
) 0.029 0.031 0.072 0.095 0.12 
kb (s
-1
) 0.041 0.070 0.054 0.065 0 
Smax (mgCNT/kg glassbeads) 0.26 0.71 1.00 0.057 N/A 
Simulation using CBFT and straining model 
kd (s
-1
) 0.032 0.040 0.075 0.095 0.12 
ks (s
-1
) 0.58 0.41 11.6 11.1 0 
Β 1.61 1.61 2.12 2.1 N/A 
Simulation using CBFT and ripening model 
kd (s
-1
) 0.032 0.040 0.076 0.092 0.115 
kr (s
-1
) 0 0 0 0.015 0.015 
Simulation using all four models 
kd (s
-1
) 0.019 0 0.043 0.082 0.11 
kb (s
-1
) 0.042 0.072 0.056 0.064 0.096 
Smax (mgCNT/kg glassbeads) 0.23 0.69 0.85 0.12 0.046 
ks (s
-1
) 0.11 0.25 0.17 0.41 0 
β 0.64 1.2 0.48 1.25 N/A 
kr (s
-1





Figure 4.7. (continued on next page) 
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a. Numerical Simulation Using CBF Model 
The breakthrough curves simulated using this theory exhibited a completely flat 
plateau, and were thus not consistent with many of the experimental results obtained with 
step-input (Figure 4.7). The retention profiles simulated using this theory exhibited a 
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Figure 4.7. (Continued from prior page) Breakthrough curves and retention profiles 
obtained by passing 7.1% O-MWCNTs through 10.2 cm columns at pH 5.8± 0.2 and  
NaCl concentrations of (a) 5 mM, (b) 10 mM, (c) 40 mM (d) 60 mM and (e) 357 mM. 
Experimental results were each fitted with four models as illustrated in text. 
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trend of exponential decay with increasing distance from column inlet. The decay rates 
observed in the retention profiles were found to be higher than theoretical. Although the 
simulation was not accurate, the fitted deposition rate coefficient kd still exhibited a clear 
increasing trend with increasing IS as shown in Table 4.3, indicating that the DLVO 
theory still played a significant role in deposition of O-MWNTs onto glass beads. 
However, additional model components are needed to fully explain the observed results. 
b. Numerical simulation using CBF and an additional site-blocking term 
As shown in Figure 2.2, the breakthrough curves obtained at low IS (≤ 40 mM) 
all exhibited obvious blocking phenomena. The site-blocking model (Eq. 4.21) was 
therefore applied. For results obtained from each transport experiment, kd, kb, and Smax 
were all obtained by fitting experimental data with Eq. 4.21. Since the amount of 
impurity on collector surfaces should be effectively identical for all of the columns, and 
given that the parameter Smax represents the total concentration of sites from the 
impurities (known to be mostly metal oxides or metal silicates), Smax should be identical 
regardless of the background ionic strength. Therefore, the simulation was conducted 
using a fixed amount of the impurity sites, Smax,f. Since, there was no available 
experimental approach to independently quantify Smax,f, the maximum Smax obtained by 
fitting the model to 5 batches of experimental was adopted to be the fixed parameter 
Smax,f . Results obtained with Smax,f are plotted in Figure 4.7. The simulation results of the 





The site-blocking model was able to catch the phenomena of increasing plateau of 
the breakthrough curves successfully. However, due to the existence of the maximum 
capacity of collectors, the simulated retention profile (Figure 4.7(c2)) has a curve that is 
less steep than the typical exponential decay curve, thus showing that the model still fails 
to agree with all experimental observations. The results suggest that although blocking is 
one of the important mechanisms at play, there are other considerations as well. Li et al.
11
 
successfully used a similar model for the quantitative explanation of the transport of C60 
through quartz sand. In their study, the breakthrough curves of C60 showed significantly 
Figure 4.8. Simulation results of BTC obtained at IS  = 40 mM. (Same as Figure 
4.7(c1)). 
P ore V olum e fed










40 m M (c1)
E xperim ental results
C B F T
C B F T  +  site-b lock ing m odel
C B F T +strain ing m odel
A ll four m odels
C B F T +ripening m odel
 
151 
increasing plateaus and the retention profiles were flat for observation points at the first 
several centimeters from the column inlet. Both of these phenomena were consistent with 
the blocking mechanism. Since C60 particles used in their experiments were spherical 
particles with diameters of 92 ± 0.3 nm, and the IS applied was low enough to prevent 
multilayer deposition, the site-blocking model in conjunction with CBFT was sufficient 
to simulate the transport behavior of C60. In the case of O-MWCNTs, however, blocking 
is apparently not the only mechanism other than CBFT that contributes to the removal of 
O-MWCNTs. 
c. Numerical simulation using CBFT plus straining 
Straining has been reported by numerous prior investigators to be a potentially 
important factor in O-MWCNT transport.
1, 8, 26-28
 Although straining effects were not 
found to be especially significant in the prior pulse-based transport experiments, they 
appear to have played a relatively more important role in transport experiments of O-
MWCNTs under the conditions of step-input,  i.e., using a long feeding time and a large 
total amount of O-MWCNTs. As shown in Figure 4.7 and re-plotted in Figure 4.9 (pink 
dash-dot line), the straining model (Eq. 4.23) could explain the high solid concentration 
of deposited O-MWCNTs at the beginning of columns, especially for results obtained at 
low IS. It has been reported by Bradford et al.
27, 53
 that straining effects are only 
significant at the beginning of the column and should quickly decay with distance from 
the column inlet since after a certain distance an exclusion effect would force water and 
remaining particles through larger pores and therefore reduce the straining effect.
23, 52
 The 
decay parameter, β, was used to simulate the diminishing effect of the straining effect 
with distance. For this study, evidence suggests that the diminishment of straining effects 
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with distance was particularly pronounced. The values of β obtained by fitting Eq. 4.23 
to experimental results were all significantly larger than those reported by Bradford et 
al.
23
 or Wang et al.
8
, indicating a faster diminishment of the straining effect which 
effectively limits the role of straining to the first several centimeters of columns. This 
may relate to our use of spherical collectors -- compared to quartz sands, spherical 
collectors have more evenly distributed pores that may provide fewer regions conductive 
to straining. It is conceivable that most straining in our system is due to the fact that water 
distribution is initially imperfect.  
 
Figure 4.9. Simulation results of retention profiles obtained at IS  = 10 mM. (Same as 
Figure 4.7(b2)). 
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For experiments conducted at high IS, because straining and multilayer deposition could 
both potentially cause the hypo-exponential decay of the retention profile, the 
contribution of straining cannot be accurately isolated without also understanding the 
possible influence of ripening. However, at low IS (< 40 mM) where multilayer effects 
can be presumed as negligible, it is reasonable to fully attribute the higher O-MWCNT 
deposition at the beginning of the retention profile to straining. 
d. Simulation using CBFT plus ripening 
The ripening model used in this research  is based on the concept of multi-layer 
deposition. Since such multi-layer deposition would involve an interaction between the 
dispersed O-MWCNTs and the deposited O-MWCNTs, the deposition rate coefficient 
due to ripening (kr) is considered as a second-order rate coefficient for a rate equation 
based on the product of both aqueous- and solid-phase concentrations of O-MWCNTs 
(Eq. 4.25). As shown in Table 4.3, the fitted values of kr were large enough to be 
important only in experiments conducted at high IS (60 mM and 357 mM). This finding 
is consistent with prior results obtained by other researchers.
29, 31
 With the addition of this 
term, the transport model was able to explain the decreasing plateau of the BTC obtained 
at high IS as well as the hypo-exponential decay trend exhibited in some retention 
profiles -- see Figure 4.7.Thus, the results suggest that multi-layer deposition becomes 
the most dominant effect at high IS, where it can be used to explain most of the BTC and 
retention profile data. As with other models, however, the ripening model alone cannot 
completely account for all phenomena observed in all transport experiments or even for 
all aspects of high IS results.  
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e. Simulation of experimental results using all four models 
All three process mechanisms (site-blocking, straining, and ripening) have been 
proved to be necessary additions to CBFT in interpreting the various experimental results 
observed in this study. Therefore, Eq. 4.25 was used to simulate all results as shown in 
Figure 4.7. During the simulation, kd, kb, ks, β, and kr from Eq. 4.25 were all fitting 
parameters but Smax,f was fixed at a value of 0.9929 μg/g with method illustrated above. 
As shown in Figure 4.7, experimental results were all reasonably well fit by this 
combined model.  
4.5 Conclusions 
Overall, four models, describing including CBF effect, straining effect, site-
blocking effect and ripening effect, are all needed to fit the experimental results. The 
requirement of all four models indicates that transport of O-MWCNTs through soda-lime 
glass beads is a complex process which can be affected by numerous factors, including 
the heterogeneous surface of the collectors, the morphology of the dispersed O-
MWCNTs, and the interactions among O-MWCNTs and between O-MWCNTs and 
collectors.  
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Chapter 5. Sensitivity Analysis of Simulations Conducted for 
Experimental Results Obtained Using Step-Input Method 
under Varied Ionic Strengths. 
ABSTRACT 
Sensitivity analyses were conducted on the modeling approaches presented in Chapter 4 
to investigate the contribution and physical meaning of each term in the models and thus 
to better understand the relative importance of each process under different conditions of 
aquatic chemistry. Results showed that at ionic strength (IS) < 40 mM, model 
modifications for site-blocking and straining effects were more important than other 
effects for simulating observed data. At higher IS (≥ 60 mM), the ripening modification 
was the only important component needed beyond clean-bed filtration theory (CBFT). 
Site-blocking, straining and ripening models were all found to be important for accurately 
simulating O-MWCNT removal at IS = 40 mM.  Thus, the sensitivity results suggest that 
ionic strength is a key variable in determining which mechanistic processes are most 
important to consider when quantitatively simulating O-MWCNT interactions with silica-
based porous media. 
5.1 Introduction 
As illustrated in Chapter 4, good simulation of the transport and retention of 
oxidized multi-walled carbon nanotubes (O-MWCNTs) under step input conditions 
required that numerical models based on clean bed filtration theory (CBFT) be amended 
with terms to account for the additional processes of site-blocking, straining and ripening. 
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Although each of these three processes was relevant to at least one of our experimental 
runs, there were many circumstances under which adequate simulation could be achieved 
with inclusion of only one or two of the additional processes in the model.  Therefore, 
sensitivity analyses were conducted in order to better understand the relative importance 
of each process under different conditions of aquatic and surface chemistry and to gain 
more understanding about model sensitivity to parameter values.  The results of these 
sensitivity analyses are presented in this chapter. 
5.2 Methodological Approach to Sensitivity Analysis 
The analyses presented in this chapter are based on systematic study of the 
generalized form of the O-MWCNT transport equation that was developed and discussed 
in Chapter 4.  The generalized equation is the convection-dispersion equation of 
transport with three additional terms to account for a second set of site types with site-
blocking (term including “kb” and “ψ”), a new term to account for a possible straining 
mechanism of removal (“ks” term), and a new term to account for the removal by 
deposition onto already deposited O-MWCNTs and often referred to as “ripening” (“kr” 
term).  The overall equation was previously presented as Eq. 4.26 and is reproduced 



























The contributions of all four processes, first-order “normal” clean-bed deposition 
(kd), blocking-affected deposition on a sub-set of sites (kb), straining (ks) and ripening (kr) 
were analyzed by separately lowering each of the identified rate constants to 10% and 
 
161 
50% of its initially fit value. Simulation curves based on those revised values were then 
plotted together with the best fit of the experimental results as a means of observing the 
relative influence of the varied term. The effect of the maximum available deposition 
sites of impurities (Smax) used in the term accounting for site-blocking mechanism was 
also analyzed by increasing its value to infinity, thus fixing the parameter ψb at 1.0 as per  










 Eq. 5.2 
Thus, setting Smax to infinity effectively eliminates site-blocking as a mechanism but still 
includes deposition onto high energy sites as a component of  “clean-bed” deposition – in 
other words, the total deposition rate constant under this condition is effectively kd + kb. 
5.3 Results and Discussions 
5.3.1 Contribution of “Clean-Bed” Deposition 
Figure 5.1 shows a sensitivity analysis in which the contribution of the “clean-
bed” deposition term (“kd” term) is reduced to 10% and 50% of its initial value. This term 
is referred to as “clean-bed filtration” or CBF hereafter. A clear trend of increasing 
contribution of CBF with increasing IS was observed. At relatively lower IS (Figure 5.1 
(a) through (c)), the contribution of CBF was negligible, as reflected in no apparent 
change in model simulated results with major changes in kd. For IS values of 60 mM and 
357 mM, on the other hand, the C/C0 values associated with the plateaus of the 
breakthrough curves (BTCs) were found to increase dramatically  with decreasing kd. 
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the majority of the O-MWCNT removal under these high IS conditions and the direction 
of change is consistent with expectations based on DLVO theory. In particular, increased 
rates of CBF are expected at higher IS where surface charges on the collectors (glass 
beads) and particles (O-MWCNTs) are more effectively screened by cations (Na
+
) at 
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Figure 5.1. (continued from prior page) Analysis of the contributions of CBF for 
experimental results obtained at pH 5.8± 0.2 and NaCl concentrations of (a) 5 mM, 
(b) 10 mM, (c) 40 mM, (d) 60 mM and (e) 357 mM. The CBF term kd under each 
condition was reduced to 10% and 50% of its original value to analyze its 
importance and contribution.  
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relatively higher IS. Therefore, the results support a conclusion that CBF was the primary 
removal mechanism for the observed O-MWCNT retention in our study at IS > 60 mM.  
This further corroborates the assumptions and interpretations presented in Chapter 3 for 
pulse input conditions, where CBF is even more likely to hold.  On the other hand, the 
results presented in Figures 5.1(a) through (c) reveal that our simulations of transport 
experiments conducted at lower IS were dominated by mechanisms other than CBF. 
5.3.2 Contribution of Site-Blocking Removal Mechanism 
The results of our analysis of contributions from site-blocking component of the 
model are shown in Figure 5.2. Unlike CBF, which has a clear trend of IS dependency, 
the relationship between IS and the site- blocking removal mechanism is more 
complicated. 
As evident from Figure 5.2(a), the value of kb did not affect the simulations for IS 
= 5 mM (where very low alpha is manifest) but variation of kb does affect the simulation 
substantially for the “best fit” simulations of experiments conducted at IS of 10 mM and 
40 mM, especially at 40 mM.  
Particularly important to note is Figure 5.2(c). These results clearly show that the 
model’s ability to simulate rising plateau over time was strongly dependent on the value 
of kb. Only at the initially fitted kb (and not at the 10% or 50% kb values used in 
sensitivity test) did the effects of blocking cause accurate simulation of this rising plateau 
phenomenon. 
On the other hand, model results were once again fairly insensitive to kb for the 
simulation of results obtained at IS above 60 mM.  At IS  < 60 mM, the effect of IS on  
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modeling sensitivity to kb (deposition rate on the “blockable” high affinity sites) 
increased with increasing IS, similar to (but not quite as strong as) the effect on 
sensitivity to kd, 
Figure 5.2. (continued from prior page) Analysis of the contributions of site-blocking 
removal mechanism for experimental results obtained at pH 5.8± 0.2 and NaCl 
concentrations of (a) 5 mM, (b) 10 mM, (c) 40 mM, (d) 60 mM and (e) 357 mM. The 
blocking term kb under each condition was reduced to 10% and 50% of its original 
value to analyze its importance and contribution. 
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As discussed in Chapter 4, the “blockable” high-affinity sites are most likely 
associated with impurities on the glass. Such impurities are reported in the compositional 
data provided by the manufacturer and have been further characterized through TEM 
imaging by Dr. Ken Livi in the Electron Microscope Laboratory located within the 
Department of Earth and Planetary Sciences at JHU (Figure 3.1). The surfaces of 
impurities, mostly metal oxide or silicate, may be less likely to have negative charge at 
the given pH (5.8 ± 0.2). Based on the amounts observed, it is reasonable to assume that 
these sites were relatively sparse and surrounded by the more dominant silica sites.  
Given the large size of O-MWCNTs, it is therefore likely that their deposition is affected 
by their interaction with silica sites as well as the alternative site types, and that screening 
of charge repulsion is still relevant to the overall forces of interaction. I speculate that this 
is the cause of the IS effects at 10 mM and 40 mM.  At > 60 mM, on the other hand, the 
repulsive interaction between O-MWCNT particles and collector surface is effectively 
diminished for all sites, making the deposition rate coefficient influenced by site-blocking 
effect (kb), identical to that due to CBFT (kd). The sites with or without impurities were 
equally preferred by O-MWCNTs.  Under these conditions, the inclusion of kb (as a 
separate component from kd) is no longer important to the modeling and its value has 
little impact on the simulation. It is noteworthy that at the beginning of each experiment, 
where Smax ≫ S, no site-blocking is occurring and the full impact of kb is at play.  Under 
these conditions, which are likely to apply for the pulse input case, the overall deposition 
rate coefficient measured using CBF alone will represent the added sum of deposition to 
both site types – that is, kd,CBF-pulse = kd, + kb). Moreover, because these two mechanisms 
were the dominant mechanisms responsible for O-MWCNT removal at most depths and 
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at all IS tested except for 5 mM (which will be discussed later), it was appropriate to 
apply CBF to the analysis of results obtained by pulse-input method  In this regard, 
however, we note that the -values estimated in Chapter 3 are “combined” values that 
reflect the overall effect of chemistry on the multiple site types present.  
5.3.3 Contribution of the Limited Smax 
As mentioned above, the site-blocking model was proposed based on the assumption that 
certain types of sites (presumed to be associated with metal oxide impurities) were 
limited in number and that rates of deposition to these sites would decrease over the 
course of the column run. The value of Smax was then used to represent the maximum 
available concentration (number per unit volume of porous medium) of such surface sites 
on the collectors. The finite value of Smax is thus the key factor that differentiates a model 
with CBF plus site-blocking from a model with CBF alone. At the beginning of 
experiments, however, the solid concentration of deposited O-MWCNTs, S, was much 
smaller than Smax, and a combined deposition rate coefficient kd,total = kd + kb can then be 
applied to account for the removal of O-MWCNTs caused by CBF to both non-blockable 
and blockable sites. In this study, since the value of Smax was small (0.9929 ug/g), the 
beginning period, where Smax ≫ S, was too short for a constant (full value) of kb to apply 
over any part of the step-input BTCs or retention profiles. In this sensitivity analysis, Smax 
was set to be large enough so that the value of ψ was approximately equal to 1.  
As shown in Figure 5.3 (b) and Figure 5.3 (c), the use of higher (unlimited) Smax with 
the same kb value caused the BTC plateaus to be significantly lower than those in actual 
experiments, and the retention profiles significantly higher.  This is of course expected, 
because when Smax is infinitely large, the effective rate of deposition to blockable sites 
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will be fully equal to kb at all times and locations and thus greater than assumed in the 
prior simulations for any site where blocking was high enough to be relevant. Under this 
circumstance, C/C0 ~ 0.42 for IS = 10 mM and C/C0 ~ 0.25 for IS = 40 mM. These values 
were important to simulate results obtained with pulse-input method. The simulation of 
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Figure 5.3. (continued from prior page) Analysis of the Smax effect on experimental 
results obtained at pH 5.8± 0.2 and NaCl concentrations of (a) 5 mM, (b) 10 mM, (c) 
40 mM, (d) 60 mM and (e) 357 mM. The Smax under each condition was increased to 
infinitely large to analyze its importance and contribution. 
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unlimited Smax further revealed the function of CBF and blocking removal mechanisms 
and could also help to explain the observation with pulse-input method. In experiments 
where site-blocking mechanism was not important, the change of Smax didn’t alter the 
simulation results as shown in Figure 5.3 (a), (d), (e).  
5.3.4 Contribution of Straining Removal Mechanism 
Unlike deposition under conditions of CBF and deposition to blockable sites, the 
contribution of straining was unaffected by IS, with almost identical experimental results 
obtained at IS of 5 mM, 10 mM, and 40 mM as shown in Figure 5.4. For results at IS = 
40 mM, the plateau increased from ~ 0.1 at the beginning to ~ 0.3 in the end with the 
diminishing removal rates over time presumable due to the existence of substantial site-
blocking effects. Although the contribution of kb and site-blocking was a strong function 
of IS in this low IS range as discussed above, the total contribution of straining (as 
evident from the changes observed with changing ks) was similar at 5, 10, and 40 mM . 
For results obtained at 60 mM and 357 mM, however, the contribution of straining was 
very limited. This is presumably because the effects of straining are overwhelmed by the 
depositional removal mechanisms of CBF and multilayer deposition, both of which are 
quite rapid at higher IS. 
As shown in Table 4.3, the value of β -- a parameter obtained by fitting and used 
to describe the distance-dependent decay of the straining effect -- was always below 1 at 
IS ≤ 40 mM, but was as high as 4 at IS ≥ 60 mM,.  These higher values indicate a much 
faster decay of straining with distance for the high IS simulations. This is consistent with 
the idea that other mechanisms are relatively more important at high IS and that straining 
is only a major contributor early in the column. 
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5.3.5 Contribution of Ripening Removal Mechanism 
The results of our sensitivity analyses with regard to the relative magnitude of the 
ripening term are shown in Figure 5.5. The inclusion of a ripening term in the modeling 
was found to manifest itself through the appearance of decreasing plateaus in the BTCs  
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Figure 5.4. (continued from prior page) Analysis of the contributions of straining 
removal mechanism for experimental results obtained at pH 5.8± 0.2 and NaCl 
concentrations of (a) 5 mM, (b) 10 mM, (c) 40 mM, (d) 60 mM and (e) 357 mM. The 
straining term ks under each condition was reduced to 10% and 50% of its original 
value to analyze its importance and contribution. 
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and hypo-exponential decay rates in the retention profiles. These effects were only found 
to be important for experimental data simulation at high IS (≥ 60 mM). As shown in 
Figure 5.5, the ripening mechanism only contributed to the modeled O-MWCNT 
removal for IS above 40 mM.  This is consistent with theory in that these  conditions of 
Figure 5.5. (continued from prior page) Analysis of the contributions of ripening 
removal mechanism for experimental results obtained at pH 5.8± 0.2 and NaCl 
concentrations of (a) 5 mM, (b) 10 mM, (c) 40 mM, (d) 60 mM and (e) 357 mM. The 
ripening term kr under each condition was reduced to 10% and 50% of its original 
value to analyze its importance and contribution. 
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high IS are those where repulsive interaction between O-MWCNT particles would be 
screened, allowing strong attractive interactions between dispersed O-MWCNTs and 
those on collector surfaces. Also under the circumstance of high IS, the collector surfaces 
would be more quickly occupied by O-MWCNTs such that more pre-existing O-
MWCNTs would be present. Figure 5.5 (c) shows that the ripening removal mechanism 
accounted for only a small part of the simulated O-MWCNT removal at 40 mM NaCl. As 
previously discussed in the context of Figure 5.2 and Figure 5.4 , mechanisms of site-
blocking and straining were found to play important roles in the simulation of 
O-MWCNT removal at IS = 40 mM. Note that, although the concurrent application of all 
three mechanisms can complicate the modeling exercise, each mechanism has a vastly 
different type of effect on results, and each is relevant under its own specific set of 
conditions. We postulate that 40 mM was not high enough to completely screen the 
surface charges on o-MWCNTs and glass beads, and therefore O-MWCNTs still 
preferred sites containing impurities of metal oxides, the gradual blocking of which 
causes the plateau of the BTC to increase (as previously discussed). On the other hand, it 
can be clearly observed that at 40 mM, much more O-MWCNTs were retained within the 
column compared to experiments conducted at lower IS (see Figure 5.5 (a), (b) and (c)). 
The large amount of deposited O-MWCNTs occupied most available glass bead surfaces 
after a period of time and caused multi-layer deposition. The presence of the ripening 
effect decreased the BTC plateau significantly relative to what would have occurred with 
blocking alone (Figure 5.5 (c)), but still not profoundly enough to cause a decreasing 
plateau over time, as in the higher IS cases (Figure 5.5(d) and 5.5.(e). Since the straining 
effect existed under all conditions, and the amount of deposited O-MWCNTs at 40 mM 
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was not large enough to negate the losses caused by straining, the contribution of 
straining could be easily observed. For BTCs and retention profiles obtained at higher IS 
(60 mM, 357 mM), normal CBF and deposition and ripening were the two removal 
mechanisms that dominated the simulations, with other mechanisms being relatively 
unimportant. 
5.3.6 Contributions of all effects at varied background IS 
During the simulation, the specific contribution of CBF, straining, blocking, and 
ripening effect can be calculated using Eq. 5.1. The summaries of the relative and 
absolute contributions of each effect on the overall rate of O-MWCNT removal are 




Figure 5.6. Relative contributions of CBF, site-blocking, straining, and ripening 








As shown in those figures, deposition (both kd and kb) played an important role in 
O-MWCNT removal at IS ≥ 60 mM, but the separation kd and kb (i.e., of specific separate 
consideration of a site-blocking model) was found to be most important at IS of 10 mM 
and 40 mM. Although its effect was still noticeable above 60 mM, its importance was 
much less profound. Overall, the combination of CBF and deposition to “blockable” sites 
was found to account for the majority of O-MWCNT removal at IS ≥ 60 mM and the 
combined first-order deposition rate was the one detected in pulse-input method. The 
straining effect was less IS sensitive and was responsible for an almost consistent amount 
of the modeled O-MWCNT removal except at 357 mM, where the effect of straining 
Figure 5.7. Amount of 8% O-MWCNT removed by CBF, site-blocking, straining, and 







could not be clearly separated from the ripening effect. This effect was responsible for all 
of the simulated removal at IS of 5 mM, which is consistent with the idea that all other 
mechanisms will be effectively absent at such low IS. Ripening removal mechanisms 
were found relevant to modeling only at high IS and provided reasonable explanation of 
the decreasing plateaus at high IS. This mechanism also had a noticeable impact on 
simulated O-MWCNT removal at IS ≥ 40 mM. 
5.4 Conclusion 
In general, the sensitivity analyses were very effective at revealing the relative 
contributions of each removal mechanism on O-MWCNT removal at varied experimental 
conditions. Overall, each of the four removal mechanisms had conditions where it was 
relevant, such that consideration of all four was important in order to accurately simulate 




Chapter 6. Summary, Application, and Future Work 
6.1 Summary 
In this work, I established quantitative relationships between the surface 
composition of oxidized multi-walled carbon nanotubes (O-MWCNTs) and their sorption 
and transport properties under varying aquatic chemical conditions. Mathematical models 
and computations were applied to test whether the hypothesized conceptual 
understanding was useful for interpreting and predicting experimental observations. 
6.1.1 Sorption Properties of O-MWCNTs 





) onto O-MWCNTs under varied conditions was investigated 
(Chapter 2). Effects of “aquatic chemistry”, surface chemistry, O-MWCNT aggregation 
state and concentration, as well as competitive effects of naphthalene on the adsorption of 
Zn
2+
 onto O-MWCNTs were studied. 
The chemistry of the experimental aquatic environment, including pH, and ionic 




 in ways 
consistent with those previously reported in our research group.
1





 increased with increasing pH and decreasing IS. The observed effects of O-
MWCNT surface chemistry on the adsorption of Zn
2+
 was also similar to those observed 
in a prior study.
1
 O-MWCNTs with higher total oxygen concentrations and higher 
concentrations of carboxylic groups exhibited higher adsorption capacity on Zn
2+
. All 
isotherms conducted using O-MWCNTs at 4 different surface oxygen concentrations 
could be well fit by the traditional Langmuir isotherm model. The two-site Langmuir 
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model developed by Cho et al.
1
 and as described in Chapter 2 was applied to 
mathematically analyze the role of carboxyl functional groups. This model fit the 
experimental results reasonably well, indicating that the adsorption capacity of O-
MWCNTs comprised contributions primarily from graphene and carboxylic groups on 
the surface. The presence of 5 mg/L naphthalene did not have any effect on the 
adsorption of Zn
2+
 onto 8% O-MWCNTs, in contrast to the obvious suppressing effect of 
other competing metallic ions on the adsorption of metallic ions onto O-MWCNTs.
2
 
These results indicated that the primary adsorption mechanism for Zn
2+
 and similar 
divalent cations is different from that for naphthalene, and therefore the competing 
naphthalene did not effectively suppress the adsorption of cations.  
Studies of aggregation state and solid-to-liquid ratio on adsorption were also 
conducted. Ranges of S/L were studied for both the “original-powder-state” (aggregated) 
and fully dispersed O-MWCNTs, as discussed in the paragraph below.  Unfortunately, 
however, there was only a single S/L value (0.061 g/L) at which the both aggregation 
states could be studied, because of limits on both (1) the minimum amount of O-
MWCNT that could be accurately weighed in “powder-addition” systems (and therefore 
minimum S/L values with experimentally practical volumes of liquid); and (2) maximum 
S/L values that could be used for dispersed phase systems without reducing final aqueous 
concentrations below detection limits.  
Results obtained in the studies at the common identical solid-to-liquid ratio (S/L) 
(0.061 g/L) revealed that there was no statistical difference in the adsorption isotherms 
between aggregated and dispersed forms at the studied S/L. These results indicate that, at 
the S/L value studied (0.061 g/L) no significant difference in adsorption extent exists 
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between O-MWCNTs that are still in their initial aggregated state, relative to when they 
are sonicated and well dispersed. I interpret these results to mean that mechanism of 
sorption is not dependent on aggregation state.  
Although the aggregation state of the O-MWCNTs did not have any major effect 
on the adsorption capacity of O-MWCNTs at S/L of 0.061 g/L, the solid-to-liquid ratio 
showed significant effect on adsorption characteristics for both types of O-MWCNTs 
studied, whose surface oxygen concentrations were 5.1% and 8.0%. For both types of O-
MWCNTs, isotherms obtained at lower solid-to-liquid ratios were significantly higher 
than those obtained at relatively higher solid-to-liquid ratios, and this phenomenon was 
observed with both the orginial-state-powders and the fuly dispersed tubes, albeit over 
different S/L ranges, as previously discussed. We also observed that the effects of S/L 
were primarily on sorption affinity at low Ce (i.e., the product of KLqmax) rather than on 
adsorption capacity (qmax). Although there are numerous prior reports of similar findings 
by other researchers on adsorption reactions of trace metals with soils and clays
3-6
, the 
source for the S/L effect remains unclear.  Much prior work has focused on alternative 
“artifactual” explanations for these findings, but there remain many cases where all 
imagined explanations have been disproven
3-5, 7
 and I am also unable to posit a good 
mechanistic explanation for results in the current case. 
6.1.2 Transport Properties of O-MWCNTs 
I also investigated numerous transport properties of O-MWCNTs of varying 
surface oxygen concentrations through columns of uniform silica glass beads under a 
wide range of aquatic conditions. Both pulse-input and step-input methods were 
employed in these studies and analyses were conducted of both the aqueous 
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(breakthrough curves, BTCs) and adsorbed phases (retention profiles).  A pulse-input 
method was employed to investigate effects of aquatic and surface chemistry on O-
MWCNT transport, using temporal histories of O-MWCNT effluent concentrations, i.e., 
breakthrough curves (BTCs), under conditions where the overall removal of O-MWCNTs 
was dominated by clean-bed filtration. Comparisons of results under these conditions 
with those obtained under conditions of perfectly unfavorable attachment (distilled water) 
allowed me to determine the effects of system chemistry on attachment efficiency, . 
(Chapter 3). In other experiments described in Chapter 4, a step-input method was 
employed to investigate effects of site blocking, straining, and ripening, which come to 
have major effects with prolonged loading, and especially at the frontal ends of columns.  
For these studies, data were obtained in the forms of both temporal histories of O-
MWCNT concentration in column effluent water (BTCs) as well as in-situ spatial 
distributions of retained O-MWCNTs (retention profiles), as obtained through column 
dissection at each experiment’s end. More complex mathematical models were developed 
for the simulation and interpretation of experimental results (Chapter 4), and these 
models were further tested to better understand their sensitivity to the various mechanistic 
sub-models (Chapter 5).” 
In regard to the effects of aquatic and surface chemistry on the transport of O-
MWCNTs (Chapter 3), our results provided important new data about O-MWCNT 
attachment efficiencies as a function of  aquatic and surface chemistry In the presence of 
Na
+
, the required ionic strength (IS) for maximum particle attachment efficiency (i.e., the 
critical deposition concentration, or CDC) increased as the O-MWCNT’s surface oxygen 
concentration or pH increased, following qualitative tenets of theories based on 
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electrostatic interaction. In the presence of Ca
2+
, CDC values were lower than those with 
Na
+
 present, but were no longer sensitive to surface oxygen content.  Because surface 
oxygen groups are known to affect electrostatic interactions, these suggest that Ca
2+
 
influences the interactions between O-MWCNTs and glass beads by mechanisms other 
than electrostatics alone. The presence of Suwannee River natural organic matter 





, but with more pronounced effects when Na
+
 was present. Nevertheless, low 
concentrations of SRNOM (< 4 mg/L of dissolved organic carbon) were sufficient to 
mobilize all O-MWCNTs studied at CaCl2 concentrations as high as10 mM. Overall, 
results from these studies revealed that NOM content, pH and cation type have more 
importance than the surface characteristics of O-MWCNTs in affecting O-MWCNTs 
deposition during transport through silica-based porous media. 
Chapter 4 contains findings in regard to the transport of O-MWCNTs through 
columns packed with glass beads, including analysis of both breakthrough curves (BTCs) 
and retention profiles at five different ionic strengths (IS). As previously noted, a step-
input method was employed, which allowed more O-MWCNTs to deposit onto glass 
beads and both (a) ensured a sufficient quantity of deposited O-MWCNTs for the 
creation of retention profiles and (b) caused a violation of the assumptions of clean-bed 
filtration for some sets of conditions, and especially at the frontal end of the column. 
Although the general trend of the experimental observation followed the expectation of 
traditional theory based on clean-bed filtration and electrostatic interactions, the BTCs as 
well as retention profiles exhibited features that could not be well explained by such 
simple theory alone.  Such features included BTC “plateaus” that either increased (low IS) 
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or decreased (high IS) over time as well as hypo-exponential decay in retention profiles. 
Conventional CBFT models were first applied and shown not to simulate all of these 
effects. Improved simulations were then obtained using modified models that incorporate 
straining, site-blocking, and multilayer deposition (ripening). Simulation results indicated 
that all four effects were necessary to explain the experimental observations. Sensitivity 
analysis regarding simulation results (Chapter 5) revealed that at IS < 40 mM, site-
blocking and straining effects played relatively more significant roles than other effects. 
For experiments conducted at higher IS (≥ 60 mM), CBF together with ripening effect 
were the primary removal mechanisms. Site-blocking, straining and ripening effects all 
made significant contributions in O-MWCNT removal at IS = 40 mM.  
6.2 Application 
The purpose of this study was to understand the behavior of O-MWCNTs and 
their interactions with other contaminants, so as to help researchers better estimate risks 
O-MWCNTs may pose on human and ecosystems. Findings from this study have 
partially fulfilled this purpose and outputs from model development can also be used to 
estimate the transport of colloidal particles other than O-MWCNTs.  
Findings from the adsorption study (Chapter 2) have furthered the understanding 
of the interactions of trace metals with O-MWCNTs. Effects of aquatic and surface 
chemistry estimated in this study were consistent with prior findings obtained in our 
laboratory and elsewhere
1, 8-10
 Importantly, however, this work also made new 
discoveries about the effect of experimental conditions on measured sorption isotherms.  
In particular, a significant effect of S/L was revealed, indicating that the adsorption 
capacity of well-dispersed O-MWNCTS (for at least Zn
2+
 and possibly many other types 
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of low-molecular weight adsorbates) may be underestimated by studies conducted with 
high O-MWCNT concentrations, as has been the case in much prior work. Adsorption 
results developed in this study using O-MWCNTs at environmentally relevant 
concentrations provide necessary information for the estimation of O-MWCNT 
interactions with Zn
2+
 in natural environments and suggests a more appropriate method 
for obtaining adsorption isotherms for dispersed O-MWCNTs with other adsorbates in 
future research.  
Transport properties of O-MWCNTs were investigated using columns packed 
with spherical glass beads as porous media. The rigid methods of glass-bead preparation 
and column packing developed in this study as described in Chapter 3 are necessary to 
create stable and consistent experimental conditions and therefore to guarantee the output 
of reliable results. These methods are useful for future researchers conducting similar 
column experiments to investigate the transport properties of colloidal particles as well as 
aqueous contaminants. Findings from the transport study not only provide a thorough 
analysis of the effects of aquatic and surface chemistry, but also provide a valuable 
source of new data for estimating O-MWCNT behavior in aquatic environments. Results 
indicated that in natural environments where both Ca
2+
 and NOM are present, O-
MWCNT transport may be largely independent of O-MWCNT surface oxidation, with 
attachment efficiencies of dispersed O-MWCNTs being instead controlled primarily by 
the amount of adsorbed NOM and other aquatic conditions such as pH, ionic strength, 
and ionic composition. The observed independence of the transport of O-MWCNTs on 
their surface chemistry suggests that, for purposes of generalized risk estimation under 
these common aquatic conditions (of NOM presence), it may be possible to treat O-
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MWCNTs with varied surface characteristics as a single kind of model colloid. Moreover, 
the reported values of attachment efficiency may be directly useful for making gross 
estimates of environmental transport under some conditions, such as in subsurface sand 
and gravel aquifers where grain size and uniformity are sufficient to exclude straining 
mechanisms. 
In this study, I also investigated a variety of filtration-related mechanisms of O-
MWCNTs using both experimental approaches and mathematical simulations (Chapter 
4). Developments in both regards should be useful to future researchers. The method of 
column dissection was found useful for developing retention profiles of colloidal 
particles after transport experiments. This method has been used in similar studies such as 




 or graphene oxide
13
 transport through porous 
media. The models used for the simulation of experimental results were developed from 
basic concepts of traditional clean bed filtration theory,
14-16
 in combination with prior 





 and multilayer deposition.
20, 21
 In scenarios where multiple removal mechanisms 
control the movement of colloidal particles, the new combined model could be a useful 
tool to others for estimating the contribution of each removal mechanism under varied 
conditions. 
6.3 Future Work 
The environmental implication of O-MWCNTs has been intensively investigated 
in study presented in this dissertation in terms of the effects of varied environmental 
conditions on their transport properties and their adsorption properties for heavy metals 
as typical aquatic contaminants. Experimental approaches and mathematical simulation 
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are also applied to study the mechanisms of O-MWCNT removal through porous media. 
More studies, however, need to be conducted especially at several aspects as shown 
below. 
6.3.1 Investigation on Physical Meaning of Solid-to-Liquid Effect 
Although the effect of solid-to-liquid ratio in adsorption studies has been reported 
previously, the reason for such effect is still to be investigated. Several hypothesized 
explanations were provided in prior literature. McKinley et al.
6
 have summarized them as 
follows: (1) adsorption by “non-settling” colloids that remain suspended in the aqueous 
phase after centrifugation or filtration;
22-25
 (2) competition for adsorbate by complexing 
agents (particularly organic carbon) desorbed from the adsorbent;
23-26
 (3) implicit 
adsorbate competition;
26, 27
 (4) increased solid aggregation (e.g., flocculation) to produce 
a net decrease in readily available adsorption sites;
22, 28-31
 and (5) extraneous chemical 
reactions.
32
 For example, Di Toro et al.
4, 5
 proposed particle interaction model to explain 
the increasing adsorption of heavy metals onto montmorillonite and quartz with 
decreasing adsorbent concentration. The model could fit experimental data well but the 
proposed physical explanation for this model is questionable and solid mechanistic 
underpinnings for the observations have yet to be well developed. Zhang et al.
7
 attributed 
increasing amounts of adsorbed pyrene onto CNTs after sonication to the presence of 
more exposed surface in dispersed CNTs that were broken down from aggregates during 
sonication. In our current study, however, we observed little difference on adsorption 
ability between dispersed and non-disaggregated O-MWCNTs when the experiments 
were conducted at similar S:L. As with the prior observations summarized by Di Toro et 
al., a mechanistically defensible theory is still needed to explain the solid-to-liquid effects 
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observed in our current study.  This is a potentially intriguing area for further research but 
we unfortunately do not have a strong hypothesis to test at this time. 
6.3.2 Investigation of O-MWCNT Transport Properties under More 
Environmentally Relevant Conditions 
In this study, the transport of O-MWCNTs was investigated using spherical glass 
beads as model porous media under simple aquatic environment (single cation, limited 
impurities). In this simplified experimental environment, the behavior of O-MWCNTs 
could be observed with limited interference and the removal mechanisms could be easily 
separated. In order to better relate these results to O-MWCNT transport in the 
environment, however, additional studies are needed under more complex circumstances.  
In particular, it would be useful to systematically increase the complexity of the porous 
medium, for example by introducing non-spherical grains and grain-size distributions.  
More complex media that includes a wide range of mineral surfaces and particulate 
organic matter would also add complications deserving of direct study.  Such 
complications will undoubtedly have major impact on transport and it is currently unclear 
whether the trends and mechanisms identified in  dissertation work will always apply.  
6.3.3 Further Improvement and Testing of the Developed Model  
The multi-process filtration models developed in this work could be used more 
widely for simulating other types of colloidal transport. Although this model was able to 
fit the experimental results well in this study, it should be further tested with other kinds 
of colloidal particles for verification. A particular result that needs further testing is the 
issue of deposition mechanism for rod-like colloid such as O-MWCNTs.  In the work 
presented here, the transport of initially dispersed O-MWCNTs showed velocity effects 
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consistent with deposition by interception, suggesting that the O-MWCNTs behaved as 
spherical particles with effective diameters equal to their lengths. It is unclear, however, 
as to whether this finding was the result of re-aggregation of the tubes during transport 
(perhaps into bundles of roughly this size) or whether rotation of the tubes during 
transport may have caused them to occupy effectively spherical volumes defined by their 
length.  Additional testing with other rod-like or thread-like particles would be useful in 
testing this and other assumptions, and for investigating the role of aspect ratio and size 
on the effect. 
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